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In situ heating holders offer the possibility of studying thermally activated processes by performing
real time, high temperature experiments inside the transmission electron microscope. The poor
thermal stability of traditional furnace-type heating holders limits their use to a narrow range of
materials and processes. Modern micro electro mechanical system (MEMS) based heating holders
have significantly improved the ability to perform such experiments and have led to a revival in
the field of in situ TEM. The excellent thermal stability of the MEMS devices allows us to carry
out controlled heating and cooling experiments on both particulate and bulk samples at high spatial
resolution. Despite these advantages, there are several practical challenges to the use of MEMSbased heating holders. In this dissertation, two important issues that impede the reliable
interpretation of data from MEMS-based in situ heating experiments are addressed: measurement
of specimen temperature, and preparation/transfer of site-selective specimens from bulk samples.
It is shown that the specimen temperature can be obtained from the size-dependent sublimation
behavior of monodisperse polyvinyl pyrrolidone capped Ag-nanocubes using the Kelvin equation.
This approach gives the temperature of the microheater membrane to an accuracy of ±5 ⁰C, and a
systematic evaluation of the different potential sources of error is presented. Next, a protocol is
described for using a dual-beam focused ion beam - scanning electron microscope (FIB-SEM) to
perform site selective specimen preparation and transfer onto a MEMS microheater. The critical
features of this protocol are the specimen geometry and a custom FIB-SEM sample stage that
minimizes ion beam exposure during the procedure. This approach is then used to prepare cross-
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sectional specimens from gas-atomized powder particles of three Al-alloys; solid solution
strengthened Al-Mg, precipitation hardenable Al-Mg-Si, and an Al-Mn-Cr-Co-Zr alloy, which
contains icosahedral quasicrystalline dispersoids. In situ scanning transmission electron
microscopy heating experiments on these samples revealed a wide variety of thermally activated
processes such as: solute redistribution to eliminate micro-segregation; dissolution, coarsening,
transformation and decomposition of secondary phases; and precipitation within the aluminum
matrix.
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CHAPTER 1
1. INTRODUCTION
1.1. In Situ Transmission Electron Microscopy
The fundamental goal of materials science and engineering is to understand the correlation

between structure, property, processing and performance of materials. Since the invention of the
transmission electron microscope (TEM) in 1931 by Max Knoll and Ernst Ruska, the TEM has
become an indispensable tool to study the localized structure and chemical composition of hard
and soft matter ranging from micron sized length scales down to the angstrom scale. The idea to
use the TEM as a laboratory to observe dynamic processes inside the TEM was conceived in the
early 1940s by Ruska, when he observed colloidal silver particles under increasing air pressure
inside the TEM (see Figure 1.1). This laid the foundation for the development of what is now
commonly referred to as in situ TEM. In situ TEM can be defined as the set of experiments that
enable us to observe and capture the dynamic response of a material to an externally applied
stimulus inside the column of the TEM [1,2].

Figure 1.1: Left: device for a gas supply on the early transmission electron microscope
“Ubermikroskop” in 1942. Imaging example: colloidal silver particles under increasing air
pressure. Reproduced from [12].

Over the past 60 years, the field of in situ TEM has evolved into an important and useful approach
that has helped materials researchers develop critical insights into scientifically interesting
problems. In situ TEM is important for two reasons; 1) This approach enables researchers to study
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the microstructural response of a specimen to single or multiple stimuli over an extended period
of time within the controlled environment of the TEM. This allows researchers to gather critical
information regarding the specimen from a single experiment instead of analyzing multiple
specimens in the TEM, post-mortem. 2) The in situ TEM approach allows us to observe the
dynamic evolution of the microstructure from start to finish, whereas the post-mortem TEM
approach only allows us to observe the initial and final states of the microstructure. The latter
approach is not useful in identifying the mechanisms responsible for the changes observed in the
microstructure.
The two important aspects of in situ TEM are the stimulus and the response. The stimulus
could be applied to a specimen using specialty holders or by modifying the column of the TEM to
accommodate an accessory that delivers the stimulus. The response of the specimen captured is
dependent on the detection capability of the TEM. Modern analytical TEMs have high spatial
resolution (< 0.16 nm), high frame rate cameras (up to 1600 fps) with good temporal resolution
and energy dispersive x-ray spectroscopy (EDXS) / electron energy loss spectroscopy (EELS)
detectors with high energy resolution, which enables the experimentalist to capture structural
(real/reciprocal space) and chemical information from the specimen as a function of time and/or
the external stimulus applied.
Previously, different types of stimuli have been used to study the functional response of
the specimen inside the microscope [1,2]. The various types of stimuli used and the kind of
phenomena studied could be broadly classified as follows; 1) heating/cooling stimuli to study
thermally activated processes in materials [3], 2) environmental stimuli to study the response of
nanoparticles or bulk specimens to gaseous [4] or liquid media [5], 3) ion/electron-
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Figure 1.2: Schematic summarizing the different kinds of stimuli used in in situ TEM. Reproduced
from [2].

beam-based stimuli to investigate the microstructural response to irradiation [6], 4) mechanical
stimuli to study the origin of defect initiation on mechanical deformation [7], 5) electrical stimuli
to study phenomena such as electromigration [8] and switching of ferroelectric domains [9], 6)
magnetic stimuli to study magnetic nanostructures [10] and 7) optical stimuli to study light induced
photocatalytic reactions [11]. In situ observations are also carried out in custom-designed TEMs
such as; the environmental transmission electron microscope E-TEM [12] and the ultra-fast
transmission electron microscope (UEM) [13], which do not require specially designed holders to
deliver the stimulus.
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1.2. Structure of the Thesis
This thesis will focus on in situ heating experiments inside the TEM using a micro electro
mechanical system (MEMS) based heating holder to study thermally activated processes in
materials with non-equilibrium microstructures. This thesis is divided into 6 chapters including
the introduction. Chapter 2 provides the historical background to in situ heating experiments in the
TEM and focusses on two main aspects; 1) the different types of thermally activated solid-state
transformations previously observed using in situ heating experiments, and 2) the developments
in the design of in situ heating holders. The literature review also serves to highlight the challenges
in the study of thermally activated processes using MEMS-based heating holders.
Chapter 3 addresses the issue of temperature measurement on a MEMS-based heating
holder at high spatial resolution. In this chapter, the size dependent sublimation behavior of
monodisperse polyvinyl pyrolidone capped Ag-nanocubes is used to measure the specimen
temperature by applying the Kelvin equation. In chapter 4, the problem of specimen preparation
for MEMS-based heating experiments is addressed. The procedure for the site-selective
preparation and transfer of a FIB-lamella onto a MEMS-based device is described in detail along
with an in situ heating experiment to demonstrate the quality of specimen prepared using this
technique. In chapter 5, in situ heating experiments on specimens prepared from individual gas
atomized powder particles for the study of solid-state transformations in Al-Mg, Al-Mg-Si and AlMn-Cr-Co-Zr alloys are reported. Chapters 3, 4 and 5 are structured such that each chapter
contains a short overview of the work, a brief literature review, materials and methods, results,
discussion and conclusions sections. Chapter 6 summarizes the main findings from chapters 3 to
5 and also provides suggestions for future work.
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CHAPTER 2
2. LITERATURE REVIEW
2.1 In Situ Heating Experiments inside the TEM
A large of body of work in in situ TEM has been directed towards the study of thermally
activated processes (TAPs) in a wide range of material systems. These include complex
multicomponent alloys, thin film deposits and nanoparticulate samples [1,14-17]. In situ heating
experiments help us develop an understanding of TAPs such as; the mechanism of nucleation, the
kinetics of growth, interface dynamics, the structural & chemical transformation of a metastable
parent phase to an equilibrium product phase, and the influence of defects on transformations.
In order to extract useful data about a TAP, one must choose the appropriate mode of
electron microscopy to gain maximum insight. For example - the precipitation or dissolution of
tiny solute rich clusters in a metal matrix could be tracked using the dark-field imaging technique
in conventional TEM mode or by using Z-contrast imaging in the scanning transmission electron
microscope (STEM) [18]. The dynamic behavior of dislocations and their interaction with solutes,
interfaces and/or other defects or the nucleation of ordered phases could be observed by taking
advantage of diffraction contrast in either bright field or dark field TEM modes [19,20].
Additionally, one could also observe the rearrangement of different atomic species along interfaces
using high resolution transmission electron microscopy (HRTEM) [21].
The earliest in situ observations were performed on TEMs such as the Siemens Elmiskop
1 operated at 100kV that required the specimen thickness to be less than 100 nm. The mechanisms
observed in thin foils were found to be different from those observed in bulk samples and this led
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to people questioning the validity of the in situ TEM results. Butler [1] attributes these thin foil
effects to two reasons; 1) the two-dimensional nature of the thin foil creates a ‘short circuit’ path
for diffusion, and 2) the large surface area of the specimen could react with the environment inside
the TEM. Another reason the 100kV instruments were less popular is because they could not
accommodate bulky in situ heating holders and even if they did the results were dominated by thin
foil effects. This led to the high voltage electron microscopes (HVEM) becoming a preferred tool
for the microscopist to perform in situ experiments.
The HVEMs were operated at accelerating voltages between 400 kV - 3000kV, the high
accelerating voltage presented several advantages to the in situ microscopist. Firstly, the operating
volume surrounding the specimen inside the TEM increased three-fold, which allowed the use of
bulkier in situ stages. Secondly, the specimen thickness increased by six times due to higher
penetration volume of the beam, this would prevent the previously observed thin-foil effects [1].
The specimen thickness above which the observed behavior in the thin foil is similar to that
observed in the bulk sample is defined as the critical specimen thickness. The critical specimen
thickness is important while studying phenomena such as dislocation motion or diffusioncontrolled transformation in materials. The value of the critical specimen thickness is dependent
on the type of material being studied and the illumination conditions of the microscope. It has been
observed that the operating voltage necessary to penetrate a critical specimen thickness is above
the threshold energy of atoms necessary for ‘knock-on’ damage in of most metals. Therefore, the
effect of radiation damage in specimens must be considered while interpreting in situ observations
in a HVEM. High doses of radiation can lead to an increased concentration of point defects that
could affect the TAP. Previously, in situ heating experiments in a HVEM have reported enhanced
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precipitation of carbides in stainless steels at elevated temperature due to the increased radiation
induced defect concentration in specimens under high flux conditions [22].
Modern TEM/STEMs operate at intermediate voltages (≤ 300kV) with a field emission
gun (FEG) source that has high brightness, highly stable beam currents, and better electromagnetic
lenses. These developments have allowed the achievable spatial resolution in STEM to surpass
that of the TEM. These advancements in instrumentation have resulted in STEM being an
important requirement for in situ observations, especially while studying thicker specimens of
multi-component alloys. Additionally, most modern STEMs come with sophisticated EDXS
detectors that can gather sensitive chemical data from the specimen even at elevated temperatures
[23, 24]. However, the issue of radiation damage in specimens can never be completely eliminated
and controlled experiments must be performed to identify the effect of beam damage [25].
Electron beam heating is another important factor that affects the validity of in situ heating
experiments. The interaction of the beam with the specimen results in a finite rise in specimen
temperature and this increase in temperature is directly proportional to the electron beam flux and
the density of the specimen and inversely proportional to the thermal conductivity of the specimen
[26]. Most studies have concluded that the effects of beam heating in TEM and STEM modes on
thin foil specimens are negligible at low beam currents and high accelerating voltages [27-30].
However, particulate specimens on specimen support membranes with low thermal conductivity
experience significant increase in temperature when observed under high electron beam flux
conditions. This rise in temperature could severely impact the interpretation of the results, it is
important to either minimize this effect and/or quantify the effect of beam heating [31-33]. The
environment is another factor that could affect in situ TEM observations.
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In situ TEM observations in thin foil specimens must always be interpreted carefully before
important scientific conclusions are drawn. There are several ways to check if in situ observations
in a thin foil are actually representative of the bulk sample [17]. The microscopist must check; if
the transformation in the areas under the beam and away from the beam are same, if the initial and
final states of specimens from in situ and ex situ analysis are similar, if the activation energy of
the transformation determined using in situ and ex situ approaches are in reasonable agreement,
and if the transformation products are qualitatively and quantitatively different in thick and thin
areas of the specimen.
Another important factor that determines the success of in situ observations is, to study a
process such that the scale of the transformation is smaller than the thickness of the specimen.
Furthermore, this process should occur over a statistically significant number of sites on the
specimen in a continuous fashion, at a rate that is capable of being recorded by the camera within
a normal microscope session [1].

2.2 Investigating Solid-State Transformations using In Situ TEM
Over the past 60 years, investigators have looked at several interesting temperature
dependent material phenomena inside the TEM. The processes that have been studied previously
can be broadly classified into solid to solid transformations, solid to liquid transformations and a
solid to gas transformations. A majority of the studies fall under the category of solid to solid
transformations and solid to liquid transformations. The review articles by Butler [1], Howe &
Saka [14], Ferriera [16], Sinclair [17] and the book chapter by Ross [15], covered work carried out
from the late 1950s up until early 2000s. More recently, there have been review articles that have
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covered work done over the past 15 years [34,35]. The following section has reviewed the different
types of solid-state transformations observed in bulk materials via in situ TEM.
2.2.1 Kinetics and Mechanism of Precipitation in Alloys
The nucleation and growth kinetics of precipitates in super saturated solid solutions of AlCu [36] and Al-Ag [37] were the earliest in situ studies that attempted to replicate artificial ageing
treatments in thin foils inside a TEM. These studies revealed that in the former case the
observations made in the thin foil specimens were different from those seen in bulk samples aged
outside the microscope. However, in the latter case, the results corresponded well with ex situ data
and revealed that these precipitates nucleated heterogeneously along dislocations. An important
conclusion from in situ observations of precipitate growth in Al-15% Ag alloy is the discontinuous
and ‘jerky’ nature of precipitate growth, contrary to the popular belief that precipitates grew in a
continuous manner. Butler and Swann studied the precipitation kinetics at grain boundaries in AlZn-Mg alloys [38]. Their observations revealed that nucleation was influenced by the orientation
relationship of the grain boundary plane to the precipitate habit plane. Precipitate nucleation was
found to be easiest when there was good crystallographic matching between the grain boundary
plane and precipitate habit plane and most difficult on low Σ coincidence site boundaries (see
Figure 2.1). Ledges and steps along the high angle grain boundaries acted as preferential sites for
nucleation, which resulted in a non-uniform distribution of precipitates. Based on the kinetic
analysis of precipitate growth, the coarsening mechanism was a combination of grain boundary
diffusion and volume diffusion through the matrix.
Precipitate dissolution is another important phenomenon studied via in situ heating. The
diffusivity of dissolving precipitates was estimated and compared with bulk diffusivity values. The
diffusivity value of precipitates in thin foils of an Al-Cu alloy formed at the surface, were found
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to be an order of magnitude higher than the bulk value, this was an indication of a surface
dominated diffusion mechanism [39]. In the case of Al-Ag the diffusivity values obtained from in
situ observations were found to be in reasonable agreement with bulk measurements [37]. Laird
and co-workers observed θ’ precipitate dissolution in Al-Cu alloys and suggested that precipitate
dissolution occurred due to the formation and lateral movement of ledges across the wide face of
the precipitates, which collapsed into loops before vanishing. Butler also noted that θ’ precipitates
connected to other precipitates by dislocations exhibited a linear dissolution behavior compared to
smaller precipitates or precipitates in the late stages, which exhibited a parabolic dissolution
behavior (Figure 2.2) [40]. A recent investigation by Liu and co-workers [41] used in situ heating
experiments in STEM mode to study the precipitation kinetics of nanoprecipitates in an Al-Cu
alloy. This study revealed precipitate-matrix interactions, precipitate-dislocation interactions and
precipitate-precipitate interactions. Additionally, they were also able to track the evolution of the
crystal structure of the θ’ nanoprecipitate and understand its formation mechanism.

Figure 2.1: The effect of initial grain boundary misorientation on grain boundary precipitate
densities in Al-7.8% Zn-2.5% Mg alloy. (a) random high angle grain boundary and (b) is
coincidence boundary in the same quenched single-phase specimen; (a’) and (b’) are the
boundaries after in situ ageing at 250 ⁰C for 90 s. Reproduced from [38].
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Figure 2.2: The log-log plot of the average precipitate size against dissolution time showing the
change from linear to parabolic kinetics as θ’ precipitates shrink and eventually became isolated.
Reproduced from [41].

2.2.2 Cellular Transformations
Cellular and eutectoid transformations result in a lamellar microstructure, which begins
with grain boundary nucleation to form a colony that consumes the rest of the matrix. In situ
observations of cellular reactions in Al-28%Zn were made by Butler et al. in a 500kV HVEM
[42]. This study revealed that grain boundaries acted as nucleation sites for the cellular reaction
and formed cells, which coalesce to form a planar interface. These in situ observations also
revealed that the individual lamellae formed as a result of cellular branching mechanism. The
analysis of the growth kinetics revealed that the cellular reactions were controlled by cell boundary
diffusion.

2.2.3 Martensitic transformations
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Martensitic transformations are diffusionless transformations which occur by a shear
mechanism that results in a shape change and a microstructure consisting of needles or plates.
Martensitic (Ms) transformation temperature was observed to be higher in thin foil specimen in
comparison to the bulk samples, this is attributed to the lack of constraining effects in thin-foil
specimens that results in a different crystal structure. A major difficulty that impeded in situ
observations of martensitic transformations was the lack of fast recording techniques to capture
the rapid crystallographic transformations that involved few atomic displacements. Swann [43]
used a cooling stage to observe the martensitic nucleation in a Cu-Al-Ni alloy. The nucleation was
observed at a temperature of 233K and the martensitic phase grew by lateral movement of needle
like tips. Hitzenberger et al. [44] used in situ heating experiments to observe the hcp to fcc
martensitic phase transformations in Co-Ni single crystals. During the transformation lamellae
grew from the thicker regions of the specimen into the thinner regions of the specimen as
temperature was increased. A comparison of the in situ and ex situ results revealed a similar
mechanism of transformation. More recently, in situ heating experiments revealed a ledge-based
mechanism that exhibited a ‘start-stop’ growth behavior along the austenite/lath martensite
interface at elevated temperatures in a Fe-Ni-Mo alloy [45].

2.2.4 Massive Transformations
Massive transformations are compositionally invariant transformations that involve the
rapid movement of atoms in a ‘military’ fashion to change the crystal structure. Baro and coworkers [46] investigated the compositionally invariant bcc ↔ hcp transformations in Ag-24.5
at.% Al alloys. Relatively low densities of defects were found to be associated with ζ/β interface,
this is
12

Figure 2.3: Near planar portions of the transformation front between growing ζ phase and shrinking
β phase of Ag-24.5%Al (870 K). (top) Dark field image of ζ illustrating stacking faults (bottom)
Dark-field image of the β phase at the other side of the boundary shown in (top image). Reproduced
from [47].

shown in Figure 2.3. The transformation progressed by the movement of ledges or interface steps
along the ζ/β interface. Similar observations were made in a Cu-Zn alloy where the α/β interface
proceeded to grow by the movement of interface steps along the α/β boundary [47]. Nemoto [48]
observed the ferrite to austenite transformation that occurred due to two migrating interfaces; a
crystallographic and non-crystallographic (incoherent) interface. The latter interface migrates at a
rate 5-20 times faster than the former. It was also noted that the non-crystallographic interface is
strongly attracted to the dissolving cementite particle.
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2.2.5 Order-Disorder Transformations
In situ observations of ordering transformations in a AuCu alloy were first investigated by
Presland & Pashley [49] as early as 1958. Several years later Tong and Wayman [50] investigated
the nucleation and growth of an ordered AuCu II phase from a disordered matrix of a AuCu single
crystal thin film, prepared by sputtering. The most recent in situ TEM study on AuCu was almost
two decades ago; the crystallographic and morphological aspects of the AuCu I (L10) ↔ AuCu II
(long-period incommensurate structure) ↔ AuCu (disordered state) transitions were investigated
using a series of heating/cooling experiments [51].
Other order-disorder transformations studied include the nucleation and growth of ordered
domains in a Mg3Cd alloy. Butler & Swann [52] used a dark-field technique that looked at specific
superlattice reflections that allowed the ordered nuclei in a disordered matrix to be observed and
recorded as the nuclei evolved over time. Furthermore, bright field imaging was used to understand
the mechanism and growth kinetics of ordered domains.

2.2.6 Crystallization and Amorphization reactions
The amorphous to crystalline phase transition is an extremely important reaction for
semiconductor applications. The earliest study investigating crystallization phenomena was by
Sinclair and Parker [53], who investigated the amorphous to crystalline transformation in an
epitaxial thin film of Si deposited on sapphire, which was amorphized via ion implantation prior
to an in situ annealing inside the TEM. The comparison of activation energies of the transformation
reaction obtained via ex situ and in situ methods showed reasonable agreement, which confirmed
that in situ HRTEM observations were a good representation of the phenomena observed in the
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bulk system. This work paved the way for other in situ HRTEM observations that investigated
phenomena such as; metal mediated crystallization of Si and Ge [17], and reversible
transformations in phase change materials used in compact discs [54], to name but a few. More
recently, the phase stability of GeSbTe (GST) thin film on Si was investigated using in situ TEM
[55]. The cubic phase of the GST remained stable until the sublimation point, without transforming
to the trigonal phase. In situ observations suggest that the GST crystal forms facets by a mechanism
of kink nucleation on steps, which is followed by sublimation at kink sites.
Solid-state amorphization reactions have been investigated via in situ TEM in Pt-GaAs, TiSi and Zr-Si systems. The formation of an amorphous phase due to the interdiffusion of elements
at an interface is a problem ideally suited for in situ TEM observations. In situ heating experiments
have enabled researchers to determine the kinetics and understand the mechanism of these
reactions [3,17].

2.2.7 Grain Boundary Dynamics
The migration of grain boundaries on thermal annealing in polycrystalline materials can be
directly observed via in situ heating experiments. The role of grain boundaries in phenomena such
as grain growth, solute segregation, grain boundary pinning and interaction with defects can be
observed via in situ heating experiments in the TEM. Previously, grain boundary motion has been
observed in Cu [56, 57], Ag [58] and Al [59] using in situ heating experiments. Hugo and
Hoagland [60] observed the liquid metal embrittlement of Al grain boundaries due to Ga
penetration. These in situ observations helped determine the kinetics of Ga penetration for different
types of grain boundaries in Al.
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2.2.8 Interface Reactions
The reaction of two species at a planar interface has important applications in the
microelectronics industry, especially silicide formation reactions on thin films deposited on Si
substrates. In situ TEM observation of such reactions are useful in determining; the diffusivities
of the reacting species, the different nucleation sites, and the evolution of the parent phase to the
product phase. Silicide formation reaction was investigated in Zr [61], Ti [62] and Co [63] thin
films deposited over Si substrates. In situ observations of specimens with a cross-sectional
geometry are insightful, however, the different pathways for surface diffusion must be suppressed
and nucleation sites on the milled cross-sectional surfaces must be minimized.

2.3 In Situ Heating inside the TEM: The Stimuli
The thermal stimulus needed to heat a specimen inside a microscope could be delivered by
three different approaches –
1) Electron beam heating
2) Modified TEM column with an in-built furnace and
3) In situ heating holders
Before in situ heating holders became popular, thermally activated processes in thin foil TEM
specimens were studied by electron beam heating. The first observations of thermally activated
motion of dislocations were made due to electron beam heating in thin foils of beaten Al, by Hirsch
et al. [19]. On changing the lens settings to a larger condenser aperture and beam current, they
noticed dark lines present in the interior of the foil sweep across the specimen. After careful
evaluation, it was concluded that the dark lines were caused due to the strain around the core of
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the dislocation, which results from diffraction contrast. This discovery resulted in several other
studies that used direct observations under the influence of the electron beam to observe thermally
activated phenomena in single crystal CdTe [64.65] and Au nanoparticles at high resolution
[21,66]. However, electron beam heating is difficult to control and therefore cannot be used for
controlled heating and cooling experiments. The other approach adopted for in situ observations
is to modify the column of the electron microscope to accommodate furnace heaters, between the
pole piece. This approach is unpopular because; 1) modifications to the TEM column are
expensive, 2) the increased pole-piece gap to accommodate the heater results in a loss of spatial
resolution and 3) causes severe contamination within the column of the microscope [67].
Therefore, the most reliable approach to perform heating experiments inside the TEM is to use in
situ heating holders, which heat the specimen to a desired temperature in a controlled fashion while
maintaining normal working resolution of the TEM. The design and geometry of heating holders
for in situ TEM experiments have significantly evolved over the past 60 years. In the following
section, the historical development of heating holders used for in situ TEM observations is
documented and the advantages and disadvantages of different types of heating holders are
discussed.

2.4 In Situ Heating Holder Design
In situ heating holders have now become an indispensable tool for dynamic observations. The
operating principle of all heating holders is based on Joule heating also known as resistance
heating; Joule heating is defined as the heat generated by a conductor when a current is passed
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through it. The heating holders are connected to a temperature controller unit that controls the
power input supplied to the holder. An ideal heating holder must fulfill certain requirements –
1) A wide operating temperature range
2) Excellent thermal stability
3) Uniform temperature distribution across the heating zone
4) Accurate temperature measurement
5) Controlled heating and cooling capability with low power consumption
6) The heating element must not react with the specimen
7) Two tilt axes
8) Easy to use
In situ heating holder design has undergone significant changes over the past six decades; The
older TEMs used top entry holders, which were bulkier in design [68] and had limited use in 100kV
TEMs that had a small operating volume. This was a major reason for the loss in popularity of in
situ TEM. However, the development of HVEMs created a revival in the in situ community as the
operating volume around the specimen in a HVEM was significantly higher than normal TEMs.
This facilitated significant improvements in holder design. All modern TEMs today have a sideentry mechanism and all commercially available in situ holders are side-entry holders [69].
Heating holders can be broadly classified as direct and indirect heating holders, this classification
is based on the nature of contact between the heater and the specimen [70]. Heating holders are
also classified based on the type of the heating element used [71]. Based on this classification
scheme they are categorized into three types –
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2.4.1 Furnace-based Heating Holder
The furnace-based heating holder has a non-inductively-wound miniature furnace surrounding
the specimen cup of the holder. The specimen cup has a diameter of 3mm, which allows the use
of conventionally prepared TEM specimens (see Figure 2.4 and 2.5) The furnace heating elements
used for these holders are generally made from tantalum or tungsten. The tungsten wire in one
instance was coated with Al2O3 [1]. Inconel is a preferred heating element for experiments carried
out in harsher environmental conditions inside the column [1]. The specimen cup, which holds the
3 mm specimen is an important part of the heating holder. The thermal stability of the holder is
dependent on the thermal properties of the specimen cup, as it must be an efficient thermal
conductor (to reduce heat loss) and experience minimal thermal expansion to limit drift. An earlier
furnace type holder design used a stainless-steel body, which was surrounded by a titanium
radiation shield. Other commercial manufacturers have used a Pt-Rh alloy (see Figure 2.5) [72],
silicon carbide [73] or in some instances use the same material as the furnace heating element (Ta
and Inconel) itself [74]. The thermal mass of the furnace is large and the power input of these
holders varies from 10 – 60 W. The maximum operating temperature of the heating holder is
usually dependent on the pole-piece gap of the TEM, for large polepiece gaps the operating
temperature is high and vice versa. Therefore, HVEMs can accommodate heating holders with
extremely high operating temperature (> 1200⁰C). The furnace is generally surrounded by a
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circulating water-cooling system to minimize heat flow to the surrounding components and reduce
specimen drift at high temperatures (> 800⁰ C).

Figure 2.4: (left) Schematic diagram of a side-entry double tilt hot stage of the furnace type. The
X tilt axis drive rods are used to supply current to the heater, eliminating flexing of electrical leads.
For clarity the radiation shields and main stage body are not shown in diagram. Reproduced from
[1]. (Right) The schematic of the latest Gatan 652 double tilt furnace type heating stage.
Reproduced from [75].

Figure 2.5: (left) The exploded view drawing of a tip of Philips heating and biasing holder. (Right)
Top view (a) and Bottom view (b) of the tip. Reproduced from [73].
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Furnace-based heating holders are useful for the capture of static data at high temperatures,
these heating holders suffer from poor thermal and mechanical stability, which impede the
observation of dynamic processes that occur within a short time frame. The issue of thermal
stability originates due to two reasons; 1) the heating element is not in direct contact with the
specimen (see Figure 2.4) and 2) the thermal conductivity and coefficient of thermal expansion of
the specimen cup does not match that of the specimen. This results in severe specimen drift as the
thermal equilibration time for specimens on these furnace type holders varied from upwards of
two minutes to a few hours, depending on the heating rate applied. The issue of mechanical
stability originates from the water circulation around the furnace, which introduces mechanical
vibrations during operation resulting in additional specimen drift.
The furnace-based heating holders allow us to study bulk and particulate samples.
However, the poor thermal stability of these holders limits the use of samples with poor thermal
conductivity such as ceramics and are better suited for metallic samples. The study of
nanoparticulate samples is rather easy as the sample preparation approach is straightforward.
Nanoparticles are drop cast onto carbon coated 3 mm Cu-grids. These amorphous-carbon coated
metallic grids used as specimen supports for particulate samples could result in surface diffusion
of the metal through the amorphous layer to form nanoparticles or in some cases cause evaporation
and redeposition at elevated temperatures [75]. A recent investigation suggested that these
nanoparticles formed due to the melting of Cu at the edges and corners of the grid, when to elevated
temperatures [76]. The temperature of the heating element is measured using a thermocouple that
is attached to the heating element or an optical pyrometer, which gives a reasonably accurate
temperature of the heating element. However, this measured value does not accurately describe
the temperature of the specimen, which is separated from the heating element by a specimen cup.
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The accurate calibration of these holders is important for the reliable interpretation of quantitative
in situ TEM data.

2.4.2 Grid or Wire based Heating Holders
These holders were designed such that the specimen was in direct contact with the heating
element, which was designed in the form of a wire or grids. The grid-based heating holders were
the first heating holders used for in situ observations, these holders had specimens directly in
contact with the grid or sandwiched in between grids of heaters, which allowed the specimens to
be heated to high temperatures at high heating rates with low power input [1]. The heaters were
made from Au, Pt, stainless steel or a Pt-Rh alloy (see Figure 2.6). The major disadvantage of the
grid/ ribbon-based heater was the large specimen drift due to the relatively large thermal mass of
the element. A later modification to the grid type heater is the wire-based heater, which was
developed by Kamino et al. [77]. These wire-based heaters were capable of in situ observations
at high temperatures and high resolution. These heating holders used a 20-30µm diameter Wfilament (Figure 2.7), which was attached between two contacts and powered using a battery
source. The heater could be maintained at 1500⁰C for over 10 hours using two 1.5 V batteries. The
advantage of this holder design was; 1) specimen drift was significantly reduced, 2) thermal mass
of the heating element was very small, 3) the direct contact of specimen with the heater reduced
thermal equilibration times drastically, and 4) the simple design of the stage enabled the use of
EDXS at elevated temperatures.
A major disadvantage of these holders was that they were restricted to only particulate
samples and since the particles were in direct contact with the heating element, HRTEM data was
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difficult to obtain, as a significant portion of the specimen was blocked by the heating element.
Furthermore, this design could not study nanoparticulate samples. In order to overcome this
disadvantage, the design of the wire-based heaters was modified; the coiled W heating element
was coated with a thin layer of amorphous carbon, this film of C acted as a support membrane for
nanoparticulate samples (Figure 2.8), which could be easily imaged at high resolution [78]. The
maximum operating temperature of wire-based heating holders are ~ 1100 ⁰C. The temperature of
the heating element cannot be accurately measured using a thermocouple as the heater current
supply will result in a stray EMF. Temperature of wire-based heaters were measured using an
optical pyrometer outside the TEM or from a temperature vs current calibration curve obtained
from observing the melting behavior of a known material.

Figure 2.6: A single tilt side-entry hot stage of the ribbon type. A- Tungsten wire hinge; BSpecimen; C- Pt-Rh heater strip; D- titanium stage body; E- gold plated Be-Cu spring; F-quartz
support rods. Reproduced from [1].

Figure 2.7: Kamino Holders (a) One wire type, (b) Two-wire type, (c) Gas-injection type.
Reproduced from [70].
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Figure 2.8: Carbon film on a spirally wound tungsten heater. Reproduced from [78].

2.4.3 Micro Electro Mechanical System (MEMS)-Based Heating Holders
Over the past decade micro electro mechanical system (MEMS) based heating holders have
led to a renewed interest in in situ TEM investigations. These miniaturized micro-heater devices
consist of a thermally insulating dielectric thin film deposited on a substrate (mostly Si). This thin
film is also referred to as the ‘membrane’ and has holes patterned on it over which the electron
transparent specimen is placed. The heater is an electrically conducting thin film deposited over
the insulating dielectric layer. These devices are fabricated using standard complementary metaloxide semiconductor (CMOS) based technology. These MEMS-based devices are designed to be
compatible with the standard side-entry holders (with a single tilt or double tilt axis), which are
externally connected to a temperature controller unit. MEMS-based micro heaters have superior
thermal stability compared to the furnace and wire-based heating holders, due to their; 1) reduced
thermal mass 2) and direct contact between the specimen and heating membrane. These factors
ensure that the MEMS-based heating holders have a faster response time, minimal specimen drift
and attain high operating temperatures with low power consumption. This allows the study of a
wide array of materials ranging from metal to ceramics in their bulk and/or particulate form. Also,
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the quick response times and superior thermal stability enables the use of controlled cooling and
heating rates to study a wide variety of thermally activated phenomena at high spatial resolution.
The superior thermal stability of the MEMS-based holders has made them popular within a short
period of time. There are several MEMS-based holders, which can be commercially procured [23,
79-81]. Most commercially available MEMS-based micro-heaters have a similar design
philosophy but the specific design and architecture of each device and their materials might vary.
The substrate (chip) used in these MEMS-based devices are made from single crystal Si
[83]. Si is a preferred choice of substrate because it is cheap and compatible with the CMOS
microfabrication processes. The thermally insulating dielectric thin film material is stoichiometric
Si3N4 or non-stoichiometric SixNy. These thin films are deposited using low pressure chemical
vapor deposition (LPCVD) or plasma enhance chemical vapor deposition (PECVD). The
deposition parameters of the process are optimized to fine tune the residual stress on the deposited
films. The heating element deposited over the silicon nitride is usually made from metal, ceramic
or doped polysilicon. Metallic heaters are preferred for the following reasons; they are easier to
design, they have quicker response times and attain high temperatures due to their low resistivity
and ability to handle a high current density at low voltage, they have a linear temperature
coefficient of resistance (TCR) that allows for accurate temperature control. One major
disadvantage of metallic heating elements is their reactivity to the environment at elevated
temperatures. However, this issue could be overcome by depositing a passivating thin film over
the heater or by using a ceramic heater material.
The design of the microheater has a direct effect on its performance, based on previous
work, the design of microheaters commonly used for in situ heating holders could be classified as
closed membrane microheaters or open membrane microheaters. Closed membranes are designed
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such that the silicon substrate below the stack consisting of the heater and the insulating layer are
back etched, whereas the open membrane design has support beams made of the insulating layer
holding the heater in the center. The material around the beams and underneath the beam are etched
away; this is shown in Figure 2.9. The closed membrane design is more robust against mechanical
stress and has a homogeneous stress distribution. The support beams in the open membrane design
have areas of high stress concentration, which make them less robust at elevated temperatures.
Upward or downward deflection of the membrane during heating can prove to be a challenge
during in situ observations, as the deflection moves the specimen out of focus or out of the field
of view. This behavior is observed in open and closed membrane design based microheaters. A
recent paper, reported that by optimizing the design and geometry of the heater the deflection of
the membrane during in situ observations was reduced [79]. The width and separation distance of
heating lines will affect the temperature distribution across the heater surface. The commonly used
geometries are the double spiral and the meandering heater geometry (Figure 2.10).

Figure 2.9: Schematic illustration of top view and cross-sectional view of the two most common
membrane designs used for TEM sample carriers; (left) Closed membrane (right) Open membrane.
Reproduced from [82].
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Figure 2.10: Schematic illustration of common metal heater designs; (left) double spiral, (right)
meander. Reproduced from [82].

2.4.4 Factors Affecting the Performance of the Microheater
In this section, the various factors that affect the performance of the microheater and the
design guidelines to improve the performance of the microheater are discussed in brief. This
section is a brief summary of the work by Spruit et al. [82]. In their review article Spruit et al.
categorize the factors affecting microheater performance into two parts;
a) Mechanical robustness and stability
The mechanical robustness and stability of the microheater is extremely critical during in
situ observations inside the TEM. A microheater can be considered mechanically robust if the
stresses experienced by the membrane at room temperature and at elevated temperatures are not
close to the tensile stress of the membrane. The mechanical robustness and stability of a
microheater is dependent on the following factors, such as; the mechanical stresses, the thermal
stresses, the stress distribution and the spatial specimen drift, will be discussed below.
The origin of mechanical (residual) stress in microheaters arises from the LPCVD or
PECVD process. The deposition parameters can be fine-tuned to reduce the stress to a desired level
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and improve the robustness of the membrane. The membranes deflect in the vertical direction at
higher temperatures due to the residual stress and boundary layer stress in the membrane. The
residual stress could be reduced by reducing the combined stress level of the entire stack. Boundary
layer stresses could be reduced by subjecting the stack to a post deposition annealing treatment.
However, it is important to remember that mechanical stresses experienced by the stack of layers
cannot be completely eliminated and it is therefore important to optimize the mechanical stiffness
of the membrane to a desired level by tuning the thickness-size ratio. Non-stoichiometric silicon
nitride has shown to exhibit better mechanical robustness compared to other materials.
The difference in the coefficient of thermal expansion (CTE) between the different layers
is the primary cause of thermal stress. Thermal stress could be reduced by ensuring the CTE of the
stack materials is low and the CTE mismatch between the different layers is also small. The size
and geometry of the heater could be tweaked to manipulate the thermal stresses. For example, by
reducing the size of the hot area and overall size of the heater the thermal expansion in the hot area
is reduced. Additionally, it is important to avoid sharp corners as these result in areas of high stress
concentration, which makes the membrane susceptible to failure.
The superposition of the mechanical stress and thermal stress at elevated temperatures will
decide the mode of failure of the MEMS device. The distribution of stresses is dependent on the
geometry of the membrane and the microheater. Closed membranes have a homogeneous
distribution across their surface compared to the open membranes, which have regions of stress
concentrations due to the presence of sharp corners. Inhomogeneous stress distributions can be
reduced by avoiding sharp geometrical transitions across different layers along the microheater
geometry.
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Another important factor that affects the performance of MEMS-based heating holders is
specimen drift experienced at elevated temperatures. The specimen drift in heating holders can be
attributed to two reasons 1) the time lag in thermal and mechanical stabilization of the microheater
due to thermal expansion 2) thermal expansion of the substrate and the MEMS holder due to heat
loss from the microheater. The former is overcome by allowing the heater to equilibrate with its
surroundings. The latter issue is complicated by the fact that heat loss to the surrounding material
increases power consumption at high temperatures, and therefore, to minimize heat loss to the
surrounding substrate and holder, thinner and larger membranes with low thermal conductivity
must be used to minimize specimen drift at high temperatures. Another approach to minimize drift
is to have a symmetrical microheater design and place the specimen at the thermal center of the
heater to minimize the effect of thermal expansion.

b) Thermal Stability
The thermal behavior of a microheater designed for in situ observation in the TEM is
dependent on several different factors, such as; range and lifetime of the heater, homogeneity of
temperature distribution, accuracy of temperature, temperature stability, power consumption and
response time of the microheater.
The range and lifetime of a microheater is dependent on how fast the degradation occurs
within a specified range of temperature. In order to ensure a high operating temperature, it is
important to choose materials which have a high melting point and do not undergo a change in
crystal structure, which may abruptly change the property of the material. The maximum operating
temperature of the microheater is determined by the superposition of the temperature dependent
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yield stress of the membrane and the temperature at which thermal stresses cause the thin film to
delaminate or form hillocks. Another mode of degradation in microheaters originates due to
electromigration. This mode of failure is related to high current densities and could be reduced by
avoiding microheater geometries with sharp corners. Sharp corners, narrow heater width and a
material with a large positive TCR must be avoided as they cause a localized spike in current
density resulting in hot spots, which are detrimental to the range and lifetime of the heater.
MEMS-based heating holders must have a uniform temperature distribution across the
microheater as this increases the area for placement of lamellas prepared by focused ion beam
(FIB) approach or dispersion of particulates over a larger number of windows. A homogeneous
temperature distribution is obtained by optimizing the size and design of the microheater. The
optimized design that are frequently used are the double spiral and meandering heater geometries.
The double spiral is hottest in the center and gets colder as you move away from the center,
suggesting that heat flows outward from the central region of the heater as opposed to the
meandering heating lines, where heat flow is guided to the sides along the heating lines. The
homogeneity of temperature can be improved by increasing the size of the heating line and
reducing the distance between them. Others have combined different heater geometries such as
connecting a circular spiral with a central heat spreader to obtain 99% homogeneity [24].
The accuracy of the detector is perhaps the most important factor for in situ observations
as this would help researchers reliably interpret temperature dependent phenomena in materials
observed inside the microscope. Temperature calibration of the MEMS-based heaters are carried
out using non-contact methods as any probe-based approach would disturb the thermal equilibrium
of the microheater itself. Optical or infrared pyrometers with thermographic cameras are used to
map the temperature distribution on the surface of MEMS based heaters. However, serious errors
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could be introduced in these measurements and often objects can appear hotter than they actually
are. Therefore, most commercial manufacturers correlate the pyrometric measurements with other
approaches that are used to measure the TCR of the chip. Unfortunately, the spatial resolution of
pyrometric approaches is low and therefore the accuracy of the temperature measured is poor. This
is a major practical challenge for in situ TEM and new approaches are needed to measure
temperature of a MEMS chip accurately at high spatial resolution inside the TEM.
The temperature stability of the microheater is dependent on the variation in TCR and
resistivity values over time. Large variations in these values are sign of degradation and will result
in temperature changes. This issue can be solved by providing a constant power input to the
microheater. It is therefore important to have a constant feedback mechanism that makes changes
on the fly and compensates for variation in voltage and resistance. Temperature stability can also
be improved by using materials which can withstand higher temperatures, but this may come at a
cost. High temperature materials may require higher power and have a non-linear TCR value,
which makes accurate temperature control difficult.
Power consumption of the microheater is directly connected to other factors such as heat
loss and specimen drift. The objective of the design engineer must be to minimize power, which
will minimize drift due to the low thermal expansion as mentioned previously. Reducing heat
losses as mentioned will also ensure a constant power input and this is related to having larger and
thinner membrane along with a smaller microheater.
Finally, the response time of the MEMS-based microheaters is much faster compared to
the conventional heating holder and this is primarily due to the reduced thermal mass and smaller
equilibration time of MEMS based micro-heaters. The time required to reach the intended
temperature can be increased by reducing the size of the heater.
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2.5 Objectives of this Thesis
The primary goal of this work is to study thermally activated processes inside the TEM
using MEMS-based heating holders. Despite the excellent thermal stability and superior
performance of MEMS-base holders, several challenges still need to be addressed [83]. The major
emphasis of this work is on addressing the practical challenges that impede the reliable
interpretation of in situ TEM studies using MEMS-based heating holders
The objectives of this thesis are –
1) To evaluate the approach to measure temperature on a MEMS-based heating holder at high
spatial resolution by studying the size-dependent sublimation behavior of nanoparticles
2) To develop a protocol for the site-selective preparation and transfer of an artefact free lamella
onto a MEMS-based device.
3) To study solid-state transformations in individual gas atomized powders particles via MEMSbased in situ heating experiments.

Chapters 3, 4 and 5 of this thesis directly address these three objectives.
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CHAPTER 3
3. Temperature Calibration of TEM Specimen Heating Holders by
Isothermal Sublimation of Silver NanocubesϮ

3.1 Introduction
MEMS-based TEM specimen heating holders exhibit excellent thermal stability and
minimal specimen drift, which allows thermally-activated processes to be studied dynamically at
high spatial resolution. The advantages of MEMS-based devices arise from the very small thermal
masses of the sample studied, but this poses particular challenges for the precise measurement of
specimen temperature. Previously, it has been proposed that the size-dependent sublimation
behavior of Ag nanoparticles could be used to measure the specimen temperature by applying the
Kelvin equation, but the effects of the capping ligands used in the nanoparticle synthesis and of
electron beam heating have limited the application of such approaches. Here it is shown that for
an appropriate choice of experimental parameters (nanoparticle size, loading, intermediate holding
temperature, and illumination conditions) the sublimation of Ag nano-cubes can be used to
measure the specimen temperature to an accuracy of ± 5 ˚C, over the range 700 – 850 ˚C. The
measurements are reproducible from area to area on the same MEMS chip, and from chip to chip
of the same type. The values of specimen temperature obtained are consistently lower than the
calibrated MEMS heater plate temperatures, and it is shown that this cannot be explained on the
basis of random errors in the experimental measurements or systematic errors in the materials
parameters used for the Kelvin equation analysis. It is proposed that this is instead due to the low
thermal conductivity of the electron-transparent amorphous silicon nitride support membrane on
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the chip. As further evidence for this, it is shown that for a thicker crystalline Si support with a
higher thermal conductivity, the magnitude of the difference is smaller. This approach could be
extended to other temperature ranges by using nanoparticles of other metals with different vapor
pressures and sublimation temperatures.

Ϯ

Sections of this chapter are a reproduction of an article by the author published in the Ultramicroscopy journal, titled “Temperature calibration of
TEM specimen heating holders by isothermal sublimation of silver nanocubes”, Ultramicroscopy, 196 (2019) 142-153.
https://doi.org/10.1016/j.ultramic.2018.10.011
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3.2 Literature Review
Based on the previous chapter it is well understood that MEMS-based micro-heater devices
have superior thermal stability and minimal specimen drift, which allows for the observation of
dynamic processes at high spatial resolution [24,79-81]. Despite these advantages, the reliable
interpretation of results from in situ heating experiments in the TEM is still limited by difficulties
in measuring the specimen temperature accurately under operando conditions. Moreover, the
greatly reduced thermal mass of the specimens used in MEMS chip micro-heater experiments
exacerbates this problem, and so an in situ measurement technique with both high temperature
sensitivity and high spatial resolution is required [82, 83]. Many different approaches have been
explored in an attempt to address this problem, including: direct observations of well-defined
isothermal transformations in standard samples, optical and infra-red (IR) pyrometry, and
measurement of temperature-dependent shifts in spectrometric or diffraction data. The most
significant of these studies are reviewed below.
In the earliest in situ TEM heating experiments, phase transformations were used to
identify the point at which the specimen reached a characteristic temperature in the heating stage.
Martin and Boyd used ferromagnetic materials and observed changes in magnetic effects as the
samples were heated through the Curie temperature [84]. In this study, the microscope was aligned
in such a way that the displacement of the specimen image position was zero in the overfocused
condition of the objective lens. Since the magnetic field of the specimen was not sufficient to
produce an observable effect on the image, a nickel ring was placed beneath the specimen to
produce large displacements in the image between the focused and unfocussed region of the
objective lens. The temperature at which the displacement of the image due to over-focusing
becomes zero is the Curie temperature of the ferromagnetic material (i.e. Ni). This approach could
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be used to generate a temperature calibration curve by repeating such experiments on other
ferromagnetic metals like Fe and Co. This technique is useful for calibrating furnace and gridbased heating holders.
Sinclair and Parker [53] and Stach et al. [85] studied the amorphous to crystalline
transformation during the solid phase epitaxial re-growth (SPER) process observed in amorphous
silicon. The former approach used standard cross-sectioning techniques whereas the latter
approach adopted a FIB-based approach to prepare cross-sectional specimens. In the study by
Sinclair and Parker, the activation energy for crystallization reaction observed via in situ TEM was
found to be consistent with measurements made using other techniques [86]. However, the kinetics
of crystallization varied with temperature, which suggests that either the apparent temperature
differs from the actual temperature of the heater or the phenomenon is affected by thin foil effects.
Stach et al. measured the regrowth velocities of the crystallization front in Si, which matched the
predicted re-growth velocity based on the study by Roth et al. [87]. These investigations revealed
that the temperature of the specimen on a furnace type holder could be measured accurately by
studying the kinetics of the SPER process for a small temperature range (500-800 ⁰C).
Gao et al. [88] and Gong et al. [89] used metal-filled nanotubes to track changes in the
height of the metal inside the nanotube due to thermal expansion at elevated temperatures. Gao et.
al. measured temperature with the aid of a Ga filled CNT which has a 75 nm diameter and~ 10 µm
length. The Ga-metal can maintain low vapor pressures at high temperature and has the widest
liquid range (29 - 2403 ⁰ C) among metals. The Ga-column inside the CNT increases or decreases
proportionally with temperature over the range of 50-500 ⁰C (Figure 3.1). Since the thermal
expansion of Ga behaves in a linear fashion within this temperature range it behaves similar to a
filled thermometer and the temperature can be predicted using the equation T = 58 + (Δh/0.753),
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where Δh is the difference in height of the Ga column at T⁰ C and 58⁰ C. Gong et al. used Au(Si)
filled β-Ga2O3 nanotubes synthesized via a one-step chemical vapor deposition method. The
coefficient of thermal expansion of Au(Si) was found to vary in a linear manner till 800⁰ C and βGa2O3 began to degrade between 900-1000 ⁰C. Gong et al. were able to reliably measure
temperature between 300-800 ⁰C on a furnace type heating stage.

Figure 3.1: Expansion of gallium inside a carbon nanotube with increasing temperature. a–c,
Changing level of the gallium meniscus at 58 °C (a), 490 °C (b) and 45 °C (c); scale bar, 75 nm.
(d), Height of the gallium meniscus plotted against temperature, measured in steps of 30–50 °C;
results are averaged (green curve) from closely similar measurements obtained during heating
(red) and cooling (blue). The nanothermometer was synthesized in a vertical radiofrequency
furnace (which differs from a one-step arc-discharge method). A homogeneous mixture of Ga2O3
and pure, amorphous, active carbon (weight ratio, 7.8:1) was reacted in an open carbon crucible
under a flow of pure N2 gas: at 1360 °C, the reaction Ga2O3(solid) + 2C(solid) → Ga2O (vapor) +
2CO (vapor) occurs. However, on the inner surface of a pure graphite outlet pipe at the top of the
furnace, the temperature is lower (around 800 °C), causing the reaction Ga2O(vapor) + 3CO (vapor)
→ 2Ga (liquid) + C(solid) + 2CO2 (vapor) to occur, during which the ‘nanothermometers’ are
created. Reproduced from [88].

Begtrup et al. [90] and Brintlinger et al. [91] tracked the melt-front of an ensemble of metal
islands, and they used a combination of experiments and modelling to calibrate the temperature.
Both investigations used electrically conducting heating elements mounted on a silicon nitride
membrane, which were used to heat metallic nanoparticles of Au [90] or In [91] deposited on the
membrane. The heat produced due to the passage of electric current through the device will melt
and/or evaporate the nanoparticles on the heater and the membrane. Each nanoparticle on the
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membrane acts as a localized temperature probe that provides a temperature profile of the
membrane. Bergtrup et al. used finite element models (FEM) to determine the temperature
distribution across a multiwalled carbon nanotube attached with Pd electrodes. The FEM is
validated by observing size dependent melting of Au nanoparticles inside the TEM. Britlinger et
al. observed the melting transition in indium nanoparticles. The melting transition does not show
a change in contrast in normal BF-TEM and therefore the displaced aperture dark field technique
was used to reveal the solid and liquid phases of indium before and after melting. Therefore, each
nanoparticle is a binary probe and a series of these images are used to generate a thermal map.
Each pixel on this map represents the lowest heater current required to cause melting of In.
Additionally, a FEM that describes the spatial distribution of current across the heater to cause
melting of Indium was observed to match the experimentally generated thermal maps (Figure 3.2).

Figure 3.2: Demonstration of electron thermal microscopy. (a) A bright-field transmission electron
micrograph of a heater wire with tapered electrodes fabricated on a silicon nitride membrane using
electron-beam lithography. Application of bias to the electrodes allows nanoscale thermal
gradients to be produced near the wire due to Joule heating. Indium islands are visible on the back
side of the membrane. Scale bar is 1 µm. (b) A thermal map of the same region. Each pixel is
colored according to the bias current needed to melt the indium island nearest to that pixel. The
map is assembled from 50 separate images, recorded at increments of applied bias. (c) A finiteelement thermal model of the device using a thermal conductivity of 3.6 W/m-K for the silicon
nitride and a temperature coefficient of resistivity, R, of 1.8*10-3/K for palladium. Here, the colors
represent currents that cause the regions to be greater than 157 °C, which is the melting temperature
of bulk indium. Reproduced from [90].
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More recently, Kim et al. [92] observed transformations in a series of different reference
materials to create a calibration chart across different temperature points. The main attraction of
such approaches is that they are straightforward, but they are limited in scope to a specific
temperature, or at best a narrow temperature range, for a particular calibration sample. Moreover,
there are some concerns that surface effects and/or specimen preparation artifacts might lead to a
discrepancy between the standard transition temperature for the bulk material and the temperature
at which the transformation occurs in the corresponding TEM sample.
Thermometric approaches would overcome these concerns by measuring the temperature
directly over a wide temperature range. The use of contact thermometry with, for example,
thermocouples is impractical for multiple reasons; 1) poor thermal contact between the
thermocouple and heater results in the measured temperature being lower than the actual
temperature, 2) conductive heat loss along the thermocouple, 3) the thermocouple measures the
temperature of the heater and not the specimen and this difference in temperature is dependent on
the thermal contact between specimen and heater, and the thermal conductivity of the specimen.
In an effort to overcome these difficulties non-contact measurements via optical or infra-red
pyrometry were used to calibrate heating holders. In early work by Keep et al. [93], an optical
pyrometer was incorporated into the TEM column to measure the temperature of a furnace-type
gas reaction cell hot-stage. The principle of temperature measurement in an optical pyrometer is
based on brightness comparison. The brightness of the measured light intensity from the image of
the specimen is compared with the brightness of a reference lamp. The measured brightness of the
specimen is always lower due to the absorptive and reflective losses due to the viewing glass (made
from Pb) and mirrors used in the microscope. These losses are corrected by comparing the
temperature of the heater in air with pyrometric measurements of the specimen directly through
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the specimen airlock, and from outside the microscope through the viewing glass. After the
brightness is corrected the temperature of the specimen can be accurately measured if the emittance
of the specimen is known. Optical pyrometry is not suitable for temperatures below 700 ⁰C and
therefore cannot be used to measure temperature continuously.
More recently, chips used in MEMS-based heating holders have been calibrated either
solely using infra-red (IR) pyrometry [80] or in combination with other techniques. Perez-Garza
et al. [81] used a combination of different approaches to calibrate the MEMS-heating stage; 1) by
measuring the temperature of a metal heater on the MEMS chip using IR pyrometer, 2) by
measuring the temperature of a specimen using Raman spectroscopy and 3) by heating the chip to
a controlled temperature on a hot plate with a Pt-100 sensor. The IR-pyrometer has a wide
operating range (300 -1300 ⁰C), but, the accuracy of these measurements is dependent on the
known value of emittance of heater used in these MEMS chips. Therefore, the temperature of the
heater is cross-validated using Raman spectroscopy (Figure 3.3). The temperature measurements
on the hot plate method with the Pt-100 sensor are limited to temperatures of 250-300 ⁰C.
Mele et al. used a thermal imaging camera to acquire thermo-graphic maps of the MEMS
microheater placed in an external vacuum station; this revealed the temperature distribution across
the micro-heater surface on the chip [24]. Additionally, temperature measurements obtained from
the surface of the microheater plate were also verified with oven heating measurements. The
MEMS chip was placed inside a well calibrated oven at a known temperature and the resistance of
the spiral heater was measured. These measurements allow us to extrapolate the rate of change of
resistance with temperature otherwise known as the temperature coefficient of resistance (TCR),
which is an important calibration coefficient for the MEMS chip. Additional corrections were
necessary to measure the exact temperature at the location of the window using the thermographic
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Fig. 3.3. Temperature calibration. (a) Raman and pyrometer calibration cross correlation. The inset
shows the IR image of the heating spiral taken with high end FLIR imaging camera. (b) Measured
and Set temperature change during long exposure time. (c) Temperature variation in horizontal
direction of the spiral. Error bars (3%) are also shown. Reproduced from [81].

Fig. 3.4 Thermal imaging of the MEMS microheater with no windows (a) and with windows (b),
and line plot along the direction indicated by the two arrows (c). Reproduced from [24].
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maps. The digital levels of the pixel of the thermographic map are converted to a known value of
temperature by comparing the temperature from a location on the spiral determined using a finite
element model. This known value of temperature is plotted against the digital value of the pixel
corresponding to the location on the thermal map (Figure 3.4). By fitting this plot to a second order
polynomial and solving the equation, the temperature at the center of the heat spreader is
determined. This value of temperature is used to correct for the average temperature determined
from the oven heating experiments. The global error in temperature was estimated to be ~ 4%.
While thermographic maps do give reliable information about any variation in temperature across
the chip, the spatial resolution is limited to ~ 5-10µm. Moreover, there are some concerns that the
chip temperature measured using thermal images recorded through the window of the test station
could be affected by factors such as: emissivity, thickness of the membrane, and reflections from
other surfaces [82]. The emissivity of the membrane is the most important factor in determining
the temperature accurately via thermal imaging. The lack of experimental data on emissivity values
for materials as a function of the thickness and temperature further compounds this problem [82].
Spectrometric approaches that have been used to measure specimen temperature include
electron energy loss spectroscopy (EELS) and Raman spectrometry (RS). Vendelboo et al. [94]
used EELS data to quantify the change in local gas density during a heating experiment in a gas
cell holder; they then calculated the temperature by assuming that the ideal gas law applied. This
study revealed that the temperature of the gas deviates from the temperature of the heater below it
determined based on resistance measurements in a calibrated furnace. It was observed that the
heater temperature increases on moving from the edge to the center. This approach is ideally suited
for measuring the temperature of the gas inside a MEMS based gas-cell heating holder.
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Mecklenburg et al. [95] used an EELS-based approach known as plasmon energy
expansion thermometry (PEET). The PEET technique is used to estimate temperature of a
specimen by measuring the volume plasmon energy of a specimen, Ep = h (e2n/є0m)1/2 where e and
m are the electronic charge and mass respectively, є0 the permittivity of free space, h the Planck’s
constant and n the valence electron density. The plasmon energy varies with temperature as the
electron density changes with the thermal expansion of the material (Figure 3.5). PEET is a high
sensitivity technique that can map temperature at high spatial resolution in a STEM at interfaces.
This approach was first demonstrated on thin films of Al and has now been extended to silicon
nanoparticles, which act as localized temperature probes [96].

Fig. 3.5: Experiment overview. (A) Apparatus: a STEM, a biasing sample holder, a power source
for Joule-heating the sample, and an EELS spectrometer. (B) Aluminum EELS data characteristic
of 293 K (black) and 413 K (red). The vertical lines in the inset indicate the plasmon peak centers,
as determined by curve-fitting, and the arrows indicate the peak maxima. (C) Scanning electron
microscope image of an example device architecture. Four leads connect to three Al device
geometries over an electron transparent, Si3N4 membrane. (D) A false-color temperature map of a
80-nm-thick, 100-nm-wide serpentine aluminum wire Joule-heated by the application of 161 mA.
The histogram indicates the color scale and bins each pixel according to its temperature. The
average temperatures measured in the indicated 86- by 86-nm squares are 310 ± 2 K (bottom left)
and 390 ± 3 K (top right). Reproduced from [95].
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This approach allows the temperature of a specimen to be measured continuously from room
temperature to 1250 ⁰C.
More recently, Idrobo et al. [97] determined the sample temperature in a modern
monochromated aberration-corrected scanning transmission electron microscope (STEM) by
measuring the ratio of the gain and phonon-loss peaks in the EELS data from hexagonal-BN nanoflakes; they used first-principles calculations to reveal that shifts in both peaks to lower energies
with increasing temperature are due to anharmonic phonon scattering and lattice thermal
expansion. An alternate method was developed by Picher et al. [98], in which RS data were
acquired in a specially modified environmental transmission electron microscope (ETEM). In this
report, single walled carbon nanotubes were used as a reference sample, and the shift of the Gband in the RS data was used to estimate the temperature. The increase in temperature results in
the softening of the bonds and results in a downshift of the Raman peak. The high thermal
conductivity of SWCNTs, the high contact area between the specimen and support membrane, and
a sharp G-band make SWCNTs an ideal candidate for the temperature measurements. The
temperature of the SWCNT on different window locations of a MEMS chip were measured based
on the established relationship between the G-band position of the SWCNT and temperature;
dʋ+/dT = (0.0275±0.0013) cm-1K-1 (Figure 3.6). However, the issue of laser heating must be
considered; the high power of the laser can induce shifts in the Raman peak due to localized
heating. The laser power was high enough to drill holes through the membrane. The problem of
laser beam heating was overcome by using a 532 nm laser at 1.2mW where no Raman peak shift
was observed. A drawback of such spectrometric approaches is that they require an instrument
equipped with a suitable spectrometer. Moreover, for RS measurements, in which the signal is
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excited by an infra-red laser, the spatial resolution is at best similar to that for pyrometry-based
methods (~10µm).

Fig. 3.6: (a) Evolution of the SWCNT G Raman peak frequency as a function of the laser power
(black squares). The red squares represent the corresponding temperature. (b) Evolution of the
temperature as a function of the current applied on the TEM membrane. (c) Evidence of
temperature gradients along the three dashed lines of the TEM sample heating membrane. White
disks represent the membrane holes. (d) Temperature drop as a function of pressure. The reported
uncertainties represent one standard deviation. Reproduced from [98].

Electron diffraction-based methods overcome many of the limitations inherent in other
approaches. No special detectors or spectrometers are required, and so measurements can be
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performed at high spatial resolution using almost any TEM instrument. The only complications
with such methods lie in the precision of the measurements and/or the processing of the data.
Takaoka et al. [99] measured the change in the intensity due to thermal diffuse scattering as a
function of temperature. The local temperature was measured as function of variation in beam
intensity in the spots of convergent beam diffraction (CBED) patterns. He et al. [100] used a
similar approach and measured the thermal diffuse scattering intensity as a function of temperature
and thickness. Their investigation revealed that the TDS intensity at specific scattering angles
increases or decreases depending on material and specimen thickness. This was attributed to the
dependence of mean phonon scattering angles on temperature. The TDS intensity is extremely
sensitive to temperature changes as low as ~ 10-3 K. However, it is not realistically possible to
measure such minute changes. The advantage of this approach is that it can continuously measure
temperature at extremely high spatial and temporal resolution. An alternate approach was adopted
by Winterstein et al. [101], who estimated the thermal expansion of Ag nanoparticles in an ETEM
from selected area electron diffraction (SAED) patterns to calculate specimen temperature
variations in a gaseous environment. This approach has an accuracy of ±30 ⁰C. Cremons et al.
[102] and Ji et al. [103] used a similar concept to determine specimen temperature of single crystal
Si and Co nanoparticles, respectively.
More recently, Niekiel et al. [104] used the parallel beam electron diffraction (PBED)
method developed by Reimer et al. [105] to measure temperature by estimating the thermal
expansion of Au nanocrystals. The PBED approach is used to measure the change in scattering
angle of the electron beam on thermal expansion of Au nanocrystals. This approach requires the
instrument to be aligned to ensure the beam is perfectly parallel. The change in diameter of the
(220) ring of Au was observed to measure the thermal expansion. A series of 100 SADPs were
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acquired at each set-point temperature after the heater is allowed to stabilize for two minutes at
each set-point temperature. The specimen temperature was measured from room temperature to
890 ⁰C by using reference thermal expansion coefficient of Au. The statistical precision of the
specimen temperature measured is ~3K. This study also demonstrated the sensitivity of the PBED
technique to quick changes in temperatures by tracking changes in temperature from SADPs
during a quenching experiment. Additionally, the investigators were also able to measure the
temperature gradient across different window locations on the MEMS-heater surface (Figure 3.7).

Figure 3.7: Results of measuring temperature via PBED during in situ heating experiments using
the Au nanoparticle sample. (a) Results of a quasi-static test stepwise increasing the temperature
with a settling time of 2 min, the standard deviation of 100 subsequent images is plotted as error
bars. (b) Dynamic experiment at a heating ramp of 3 K/s, (c) quenching experiment switching off
the heater at maximum temperature. A local temperature measurement is shown in (d) mapping
temperature across the heating chip. The datapoints correspond to the measurements at the 27
windows, a piecewise cubic interpolation is employed in between. Note that the error bars in (a)
are smaller than the extent of the datapoints and can only be discriminated as horizontal lines
crossing them. Reproduced from [104].
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In a recent paper by Asoro et al. [106], the sublimation kinetics of Ag nanoparticles during
in situ heating were studied. It was shown that the sublimation temperature was dependent on the
nanoparticle size in a manner consistent with that expected on the basis of the Kelvin equation. In
situ heating experiments on larger Ag nanoparticles were observed previously in a furnace type
heater placed inside a TEM [67]. The Kelvin equation was able to predict the sublimation kinetics
of these large particles (> 20 nm) as they had a constant sublimation rate. However, for smaller
particles the sublimation rates would change dramatically and therefore dynamic experiments on
smaller nanoparticles were difficult to perform for two reason; 1) the spatial resolution on older
instruments were poor and 2) the furnace type heater were not thermally stable and had long
equilibration times, which made these sorts of studies impractical. In this work, in situ TEM
heating experiments on a MEMS-base heater were performed to predict the behavior of
nanoparticles < 20 nm by applying the Kelvin equation. In situ heating experiments revealed that
temperatures at which nanoparticles size began to reduce, decreased with nanoparticle size (Figure
3.8). Since the sublimation rate of the nanoparticle is dependent on the particle size, Asoro et al.
proposed that this could form the basis for a new method both to measure the specimen temperature
during in situ heating experiments and to evaluate the effects of such factors as electron beam
heating during such experiments (Figure 3.9). The study by Asoro et al. describes the mechanism
of sublimation for smaller nanoparticles, which proceeds in discrete steps by forming facets along
specific directions. The sublimation behavior of smaller nanoparticles is in stark contrast to larger
particles, which sublimated continuously. In this chapter, the potential of this method to measure
the temperature of the membrane on a MEMS-based heating chip is explored. Monodisperse
cuboidal polyvinyl pyrolidone (PVP) capped Ag nanocubes were used in systematic isothermal
sublimation experiments, and the data obtained were analyzed to measure the temperature across
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the surface of the micro-heater device and to investigate the various sources of error affecting the
temperature measurements.

Figure 3.8. Selected bright-field TEM images of silver nanoparticles at room temperature (RT)
and at temperatures ranging from 500 to 720 ⁰C. Reproduced from [106].
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Figure 3.9: Particle radius versus time during an isothermal heating experiment at a nominal
temperature of 600 ⁰C on a 28 nm nanoparticle, based on the value displayed by the holder. The
dashed and solid lines are the theoretical predictions calculated from equation 2 at 600 ⁰C and 658
⁰
C, respectively. These results suggest that the effective temperature is about 58 ⁰C higher than
indicated by the heating holder. Reproduced from [106].

3.3. Background Theory
The Kelvin equation describes the effect of interface curvature on vapor pressure for
spherical liquid droplets or solid nanoparticles in thermodynamic equilibrium with their vapor.
The original form of the equation defined by Lord Kelvin to treat liquid droplets was:
Pr = P∞ (1 + 2γMr / RTρr)

(1)

Where: Pr and P∞ are the equilibrium vapor pressures over the curved and flat surfaces,
respectively; γ is the surface energy; Mr is the molecular weight; R is the gas constant; T is the
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temperature; ρ is the density; and r is the radius of curvature. There have been many refinements
made to this expression to extend the analysis to solid particles and to account for the expected
deviation from linear behavior for nano-scale droplets or particles.
In early TEM studies by Blackman et al. [107] it was shown that the Kelvin equation can
be used to measure the mean surface energy of solid metal nanoparticles. In subsequent work by
Sambles et al. [67] this approach was used to probe the sublimation kinetics of Ag nanoparticles
during in situ TEM heating experiments, and the various sources of errors that could affect the
measurements were analyzed. The paper by Sambles et al. [67] includes a detailed derivation of
the equations that govern the kinetics of sublimation. For brevity, the expressions most relevant to
this study are reproduced; this describes the time, t, taken for complete sublimation of particle held
at constant T:
t = B/A {Eo(B/r) – E1(B/r)}

(2)

In this expression:
A = α (Mr /2πRρ2)1/2(P∞/T1/2)

(3)

where α is the sticking coefficient for molecules arriving at the surface;
B = (2γMr / RTρ)

(4)

Eo(x) = (exp (-x))/(x)
and
E1(x) = x ∫∞ (exp (-y))/(y) dy

(5)

The value of P∞ for Ag was obtained using the “practical” equation developed by Alcock et al.
[108]:
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log (P∞) = 14.133 – (14999) *T-1 – (0.7845) log (T)

(6)

Equation (6) reproduces the observed values of vapor pressure for Ag to an accuracy of ±5 %. The
value of surface energy for Ag considered in this study is 1.2 J/m2 [67].
If the sublimation time for a particle is measured from an in situ heating experiment, then
equation (2) can be used to estimate the temperature. As discussed by Asoro et al. [106], electron
beam heating can lead to discrepancies between the values of temperature measured by this
approach and the initial temperature of the membrane on which the particle rests. The magnitude
of this discrepancy will depend on the contact area at the particle/membrane interface and on the
current density in the beam. In an attempt to minimize such beam heating effects, cuboidal
nanoparticles are used, to maximize the contact area between the particle and the membrane.

3.4 Materials and Methods
The TEM specimen heating holder used in this study was an FEI NanoEx/iv single-tilt
MEMS-based heating & biasing holder [24,109]. The MEMS device used in this holder is
fabricated on an 8.0 x 3.3 x 1.0 mm silicon chip (Fig. 3.10(a)). This device includes a free-standing
silicon nitride membrane with four electrical contacts that converge to a coiled heating element
(Fig. 3.10(b)). This configuration leads to heating of the membrane by the Joule effect when a
current is passed through the element. The heating element is connected to a 100 µm diameter
circular heat-spreader plate, within which a grid of twenty-two 10 µm diameter windows has been
patterned (Fig. 3.10(c)). In the center of each window is a circular hole, 5µm in diameter through
the silicon nitride membrane (Fig. 3.10(d)). Across these holes, there is a 15 nm thick amorphous
silicon nitride film with 1 µm diameter holes (Fig. 3.10(e)); this film acts as a support membrane
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for nano-particulate samples. During heating experiments, the holder is connected to a Keithley
source meter, which can control temperature in closed loop or open loop modes. Each MEMS chip

Figure 3.10: MEMs-based heating device for the FEI Nano-Ex/iV heating holder: (a) chip
placement in the holder; (b–d) visible light microscopy images showing: (b) the electrical contacts,
(c) the micro-heater plate, (d) the twenty-two 5 μm-diameter windows in the plate. e: Secondary
electron SEM image of the 15 nm thick amorphous silicon nitride membrane across the windows.
Reproduced from [109].

is provided with two calibration coefficients: the resistance measured at the reference temperature
of 25˚C, R0; and the temperature coefficient of resistivity (TCR) of the heating element material.
All of the experiments were performed on monodisperse 110 nm PVP-capped single-crystal Ag
nanocubes (NCs) with {100}Ag facets. These Ag NCs were acquired in the form of a suspension
in ethanol from Nanocomposix Inc. (San Diego, CA). The suspension was diluted with distilled
water and ultrasonicated for 60 s; a few drops of the diluted suspension were then transferred onto
the MEMS chip using a pipette, and the chip was allowed to dry in laboratory air.
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The in situ heating experiments were carried out in an FEI Talos-F200X STEM operating
in TEM mode at an accelerating voltage of 200 kV. This instrument is equipped with a Ceta 16M
complementary metal oxide semiconductor-based camera, which can acquire 512x512 pixel
images at a maximum frame rate of 25 fps. During the heating experiments, the illumination was
adjusted to maintain the measured current density at the screen below 12 A/m2. In addition, the
lens currents were kept constant throughout the experiments to ensure uniform electron beam
illumination conditions.
The procedure for the measurement of these coefficients has been described in detail by
Mele et al. [24]. The experiments were designed to monitor the sublimation of the Ag NCs during
isothermal exposures. In a typical experiment the chip is heated from 30 ˚C (the default value for
the ambient temperature of the MEMS chip) to 400 ˚C, held for about 4 minutes, and then heated
rapidly (10 ˚C/s) to the set-point temperature for the experiment. The intermediate hold at 400 ˚C
is intended to decompose the PVP cap, and it must be noted that the rate of Ag sublimation at 400
˚C is sufficiently low that this intermediate hold does not affect the results of the isothermal
sublimation experiments. The set-point temperatures and other experimental conditions were
chosen to allow the sublimation process to be captured within the duration of a typical experiment.
The sublimation time, t, as taken as the delay between the point at which the MEMS chip reached
the set-point temperature, and that at which the NC vanished completely. The process was
monitored by acquiring a series of bright field (BF) TEM images during the experiment; these
images were then processed using the open-source software ImageJ [110]. Isolated NCs lying with
a cube face parallel to the support film (i.e. square in projection) were selected for analysis. Images
of these NCs captured at room temperature prior to the experiment were thresholded to obtain the
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projected area, A. The edge length for each NC, L, is simply A1/2, and so the equivalent radius, requ.,
of a spherical particle with the same volume as the NC is given by:
requ = (3/4π)1/3. (A)1/2

(7)

Thus, for a NC with the nominal size of L = 110 nm, requ. = 68.24 nm. The values of requ and t for
each NC were used as inputs to equation (2) to obtain values for T. For clarity, in the sections that
follow all data are plotted with respect to requ, rather than A or L.

3.5 Results
3.5.1 Sublimation During Continuous Illumination
Firstly, the experiments conducted at set-point temperatures of 750, 800 and 850 ˚C with the
sample illumination conditions fixed throughout are considered. This is the normal arrangement
for most in situ heating experiments wherein changes in the sample are observed continuously. A
series of nine BF-TEM images from the experiment performed with a set-point temperature of 800
˚C is shown in Fig. 3.11. The image in Fig. 3.11(a) was acquired at 30 ˚C and shows the initial
arrangement of the NCs across the silicon nitride membrane surface in one 5 µm hole on the heatspreader plate. There are over 200 NCs in the field of view, but those around the edge of the 5 µm
hole in the heat-spreader plate, and to a lesser extent those around the 1 µm holes in the silicon
nitride membrane, tend to be agglomerated. Since the sublimation of these NCs in the
agglomerates would be difficult to monitor, and the sublimation kinetics could be affected by the
Ag vapor from the adjacent NCs, only isolated NCs that were separated by at least 30 nm were
considered in the analysis. A total of fifty-five isolated NCs that were oriented appropriately
(square in projection) were identified from this image, and the requ values for these NCs lay
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between 63 and 75 nm. There are no significant changes in the sizes or distribution of the isolated
NCs at 400 ˚C (Fig. 3.11(b)), but the images obtained at the set-point temperature of 800 ˚C (Figs.
3.11(c-i)) show the gradual sublimation of these NCs over a period of approximately six minutes.
The images in this experiment were obtained at 4 frames per second giving a time resolution of
0.25 s.
The sublimation process for a single NC is shown in Fig. 3.12. These BF-TEM images are
enlargements from the same image stack used to construct Figure 3.11, and the NC in the field of
view is the one indicated by the arrow in Fig. 3.11(a). The value of requ obtained for this NC from
the higher resolution image obtained at 30˚C (Fig. 3.12(a)) was 72.2 nm. No significant changes
are apparent during the intermediate hold at 400 ˚C (Fig. 3.12(b)), but the images obtained at the
set-point temperature of 800 ˚C (Figs. 3.12(c-i)) show the rounding, shrinkage, and eventual
disappearance of the NC. The value of t determined for this NC from such images was 262.25 s.
Substituting these values into equation (2) gave a value for T of 759.53 ˚C. It must be noted that
the BF-TEM images shown Figs. 3.11(b-i) and Figs. 3.12(b-f) are part of the image stack obtained
in preview mode; as such, they are of slightly poorer resolution than those in Figs. 3.11(a) and
3.12(a), which were obtained in static image mode. This reduced resolution does not have a
significant impact upon the precision with which the end-point of the sublimation process can be
detected.
The values of T were obtained for each of the fifty-five isolated NCs, and these are plotted in
Fig. 3.13(a) as a function of t. The mean value of requ obtained from these fifty-five NCs was 70
nm with a standard deviation of ± 2 nm. The curve shown in Fig. 3.13(a) is a plot of the variation
in T with t from equation (2) using requ = 70 nm. The experimental measurements lie close to this
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curve, and while the values of t vary significantly (269 ± 25 s), the resultant variation in T is much
smaller (757.7 ± 3 ˚C).

ϮFigure

3.11: Sequence of BF TEM images obtained from an isothermal sublimation experiment
performed at a set-point temperature of 800˚C with continuous exposure to the electron beam: (a)
initial configuration of Ag NCs before the experiment, (b) during the intermediate hold at 400 ˚C,
(c-i) during the hold at the set-point temperature. (b-i) are individual frames from the experiment.
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ϮFigure

3.12: Sequence of BF TEM images showing the isothermal sublimation of the isolated Ag
NC indicated by the arrow in Figure 3.9(a).

ϮFigure

3.13: Data from the fifty-five Ag NCs analyzed in the isothermal sublimation experiment
shown in Figure 3.11: (a) plot of calculated temperature, T, against sublimation time, t, together
with the value of Tmean. The green line represents the relationship of T vs t for an isolated NC with
requ = 70nm. (b) plots of T and t against the equivalent NC radius, requ.
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The spread in the data is shown more clearly in Fig. 3.13(b), which includes scatter plots of t and
T against requ. Another way of analyzing the data; is if the mean values of requ and t are substituted
into equation (2), then a value of 757.6 ˚C is obtained for T (shown as a solid black circle in Fig.
3.13(a)). This value of T is within 0.2 ˚C of the mean of the individual calculated values for T, and
this approach is clearly a more efficient way of obtaining the sample temperature from the data. In
the following sections, the values of the temperature calculated from mean values of requ and t will
be referred to as the “mean temperature”, Tmean, to distinguish this from the mean of the individual
calculated values of T.
Since the Kelvin equation predicts that t should depend only on requ at a particular value of T,
the range of values obtained for t in this experiment was unexpected and was certainly greater than
could be accounted for on the basis of experimental errors. To determine if this variation was due
to a temperature gradient across the membrane, the calculated values of T for the fifty-five Ag NCs
analyzed were mapped back to the NC locations as shown in Fig. 3.14. In this figure the NCs are
color-coded from blue to red across the range of calculated values for T (750-765 ˚C). The apparent
temperature gradient in this plot is the opposite of what one might expect. The NCs that gave the
highest values of T are near the center of the membrane in the window, i.e. they are the furthest
from the heat spreader plate at the edge of the window. A possible explanation for this effect is
suggested by the locations of the NCs that gave the lowest values of T. While these latter NCs are
closest to the heat source, they also tend to be immediately adjacent to NC agglomerates. Thus,
the sublimation of these NCs could be affected more by the Ag vapor from the agglomerates,
leading to a larger value of t and a lower apparent value for T.
Plots of the data obtained in the experiments performed at set-point temperatures of 750 ˚C
and 850 ˚C are shown in Figure 3.15. The images in the lower temperature experiment were
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acquired at 2 frames per second, giving a time resolution of 0.5 s, due to the much longer
sublimation times involved. The values of Tmean obtained from these data sets were 711.4 and 794.6
˚C, respectively. In both cases, these values of Tmean lie within 0.2 ˚C of the mean of the values of
T obtained for the individual NCs from their measured requ and t. The experimental parameters and
data for these experiments are summarized in Table 3.1.

ϮFigure

3.14: Color–coded temperature distribution for the fifty-five Ag NCs analyzed in the
isothermal sublimation experiment shown in Figure 3.11.
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ϮFigure

3.15: Data from experiments performed under continuous illumination conditions at setpoint temperatures of: (a-b) 750 ˚C, and (c-d) 850 ˚C. The plots are values obtained by analyzing
thirty-one and forty-two Ag NCs, respectively. These are summarized in Table 3.1. The green lines
on plots (a) and (c) represent T vs t relationships for isolated NCs with requ = 70 nm.

ϮTable 3.1: Data from experiments performed under continuous illumination conditions at different

set-point temperatures
Experiment

Set-Point T
(˚C)

No. of
Particles

t

requ

T mean

T measured

(s)

(nm)

(˚C)

(˚C)

1

750

31

1257 ± 71

72±3

711.4

711.3 ± 2

2

800

55

269 ± 25

70±2

757.6

757.7 ± 3

3

850

42

87 ± 9

69±3

794.6

794.6 ± 4
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3.5.2 Sublimation with Intermittent Illumination
In an attempt to evaluate the effects of beam heating on the values of T obtained, the
experiments described in section 3.5.1 were repeated using intermittent illumination. This was
achieved by blanking the beam using the gun valve in the column to ensure that no changes in lens
settings could affect the experiment. The specimen was firstly observed under ambient conditions
to perform alignments and to record a BF-TEM image of the initial NC configuration. The gun
valve was then closed, and the sample was ramped to the set-point temperature with a 4-minute
intermediate hold at 400˚C as before. During the intermediate hold at 400˚C, the PVP-capping is
removed and the details regarding the thermal stability of the PVP-capping are discussed later in section
3.6.1 (Illumination Conditions and Decomposition of PVP). At various points during the sublimation

experiment, the gun valve was opened, a single image was acquired, and then the valve was closed
again. It is difficult to know the precise duration of the sample’s exposure to the beam during each
cycle, but, it was estimated as 3 s for each image acquired. At the start of the experiments with setpoint temperatures of 750, 800 and 850 ˚C images were acquired once every 300, 90 and 10 s,
respectively. As the sublimation time for each set-point temperature was approached (using the
results from the continuous illumination experiments as a guide), images were acquired more
frequently. The net effect of this process was to reduce the total dose significantly, with the greatest
reduction being achieved for the lowest set-point temperatures where the sublimation times were
longest. Using the estimate of 3 s beam exposure for each image acquired, the total dose received
by the specimen will be approximately 2.2%, 11.9% and 25.3% of that for the corresponding
experiments performed under continuous illumination at set-point temperatures of 750, 800 and
850 ˚C, respectively.
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The plots of T vs t and the corresponding scatter plots of T and t with requ from these three
experiments are shown in Figure 3.16. As expected, the values of t are larger than those in the
corresponding experiments with continuous illumination. Moreover, the time resolution is
necessarily poorer giving horizontal “banding” of the data in the scatter plots of t with requ. Despite
this, the values of Tmean obtained from the experiments performed at set-point temperatures of 750,
800 and 850 ˚C are 702.2, 740.9, and 788.2 ˚C, respectively. These differ from the Tmean values
obtained under continuous illumination by about 1.2%, 2.2% and 0.8%, respectively. Thus, under
the illumination conditions used in our experiments, the effects of electron beam heating are
minimal. The data from these experiments are summarized in Table 3.2.

ϮTable

3.2: Data from experiments performed under intermittent illumination conditions at
different set-point temperatures
Experiment

Set-Point T
(˚C)

No. of
Particles

t

requ

T mean

T measured

(s)

(nm)

(˚C)

(˚C)

4

750

117

1666 ± 136

70±3

702.2

702.2 ± 2

5

800

22

457 ± 39

70±4

740.9

741 ± 3

6

850

17

108 ± 10

71±3

788.2

788.1±4
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ϮFigure

3.16: Data from experiments performed under intermittent illumination conditions at setpoint temperatures of: 750 ˚C (a-b), 800 ˚C (c-d) and 850 ˚C (e-f). The values obtained are
summarized in Table 3.2.
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3.5.3 Effect of Other Parameters
Intermediate holding time: In the experiments described in 3.5.1 and 3.5.2 above, the intermediate
hold of 4 minutes at 400 ˚C was intended to decompose the PVP cap and allow for unimpeded
sublimation of the Ag NCs. To determine the efficacy of this step, additional experiments were
performed with longer holds at 400 ˚C. In this sub-section, the results from two such experiments
at a set-point temperature of 850 ˚C with intermediate holds of 15 and 60 minutes are presented.
To avoid beam heating effects, the beam was blanked during the hold at 400 ˚C, but continuous
illumination was used during the isothermal sublimation phase. The data from these experiments
are shown in Figure 3.17 and Table 3.3. The values of Tmean obtained from these experiments were
786.2 and 798.9 ˚C respectively. These values are 0.5% higher and 1.1% lower than that obtained
under the same experimental conditions with a 4-minute intermediate hold (Tmean = 794.6 ˚C).
Thus, extending the holding time does not appear to affect the sublimation of the NCs significantly.
ϮTable

3.3: Data from experiments performed under continuous illumination with a set-point
temperature of 850 ˚C with three different durations of intermediate hold at 400 ˚C.
Experiment

Time @ 400 ˚C
(s)

No. of
Particles

t

requ

T mean

T measured

(s)

(nm)

(˚C)

(˚C)

3

218

42

87 ± 9

69 ± 3

794.6

794.6 ± 4

7

1021

32

115 ± 16

70 ± 3

786.2

786.1 ± 5

8

3867

70

78 ± 5

70 ± 3

798.9

798.9 ± 2

Window location: To investigate the possibility of thermal gradients across the MEMS chip,
additional experiments were performed in different windows across the heat-spreader plate. Very
low Ag NC loadings were applied so that the same chip could be re-used several times. Data from
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two such experiments at a set-point temperature of 850 ˚C with intermittent illumination are shown
in Table 3.4 together with the data from the corresponding experiment described in section 3.5.2.
Despite the fact that these two additional experiments only involve one or two isolated Ag NCs,
the values of T obtained all lie within 5˚C of the Tmean from the previous experiment (788.2 ˚C).
Since the windows used (11, 13 and 3 – see Figure 3.10(d)) are in various locations across the
chip, there is no evidence for any temperature variation across the heat-spreader plate.
ϮTable

3.4: Data from experiments performed under intermittent illumination with a set-point
temperature of 850 ˚C in three different window locations on the same MEMS chip
Experiment

Window

No. of
Particles

t

requ

Tmean

(s)

(nm)

(˚C)

6

11

17

108 ± 10

71±3

788.2

10

13

2

117

80±2

790.1

11

3

1

112

83

793.4

Chip-to-chip variation: A significant concern in temperature calibration of MEMS-based heating
devices is whether each chip must be calibrated separately, or if all chips of a particular design
will behave similarly. To obtain a preliminary assessment of chip-to-chip variability, two
additional isothermal sublimation experiments were performed at a set-point temperature of 750
˚C with intermittent illumination, each on a different chip. The data obtained from these
experiments are given in Table 3.5 together with the data from the corresponding experiment
described in section 3.5.2. While the three chips used have somewhat different calibration
coefficients (R0 and TCR values), and one of these experiments involves only a single Ag NC, all
of the values for Tmean (or T) lie with 5 ˚C of one another. This suggests that calibrated values of
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Tmean obtained for particular set-point temperatures on one chip can be used for other chips of the
same type.
ϮTable

3.5: Data from experiments performed under intermittent illumination with a set-point
temperature of 750 ˚C on three different MEMS chips
Experiment

Window

TCR

R0

(ppm/K)

()

No. of Particles

t

requ

Tmean

(s)

(nm)

(˚C)

4

14

3298

91.30

117

1666 ± 136 70±3

702.2

12

11

3156

91.63

37

1791 ± 123 72±2

701.1

13

11

3188

85.58

1

1657

77

705.5

Specimen type: While the values of Tmean obtained in the experiments described here may be
appropriate for heating experiments on nanoparticulate samples, additional complications could
arise if larger samples were used on the chip. In these cases, there might be significant changes in
the temperature due to differences between the thermal mass and/or conductivity of the sample as
compared to the amorphous silicon nitride support membrane. An initial evaluation was performed
by producing a FIB-cut sample from a single-crystal Si wafer using a procedure that has been
described in the next chapter. The specimen geometry consists of an electron-transparent region
approximately 5µm square and 200 nm in thickness, which is placed over the window in the
MEMS chip. This is surrounded by a significantly thicker (≈ 1.5µm) frame which supports the
central region during handling. Figure 3.18(a) is a secondary-electron ion-beam image of the Si
sample on the MEMS chip. Figure 3.18(b) is a BF TEM image showing a few Ag NCs dispersed
across the upper surface of the Si sample. An isothermal sublimation experiment was performed
at a set-point temperature of 850 ˚C under continuous illumination conditions. The three Ag NCs
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circled in Figure 3.9(b) were used in the analysis. These NCs have requ = 68 ± 3 nm, and give Tmean
= 807.5 ± 2 ˚C. This value is about 1.6% higher than that obtained on the amorphous silicon nitride
membrane (794.6 ± 4 ˚C) under the same experimental conditions (Figure 3.13(c)).

ϮFigure

3.17: Data from experiments performed under continuous illumination conditions at a setpoint temperature of 850 ˚C after an intermediate hold at 400 ˚C for: (a-b) 15 min, and (c-d) 60
min. The values obtained are summarized in Table 3.3.

68

ϮFigure

3.18: (a) Secondary-electron ion-beam image of a FIB-cut Si TEM specimen placed over
the window of a MEMS chip. (b) BF-TEM image of the specimen in (a) showing the Ag NCs
dispersed over the specimen surface.

3.6 Discussion
3.6.1. Experimental Parameters
The experiments described in section 3.5 were performed under conditions that have been
found to give the most consistent and reliable data in our studies. In this section, the choices of
experimental variables necessary to obtain such data are considered.
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Nanoparticle size: As reviewed in Section 3.3, the kinetics of evaporation and sublimation can be
predicted from the bulk thermodynamics using the Kelvin equation and kinetic theory
[67,103,104]. For the case of Ag, this approach gives a nearly constant sublimation rate for
particles larger than about 20 nm [106]. For particles smaller than this, the sublimation rate begins
to increase significantly, and errors in the measurement of t and requ may affect the accuracy of the
measurement of T. Moreover, as discussed by Asoro et al. [106], smaller nanoparticles may be
influenced more significantly by beam heating. Thus, Ag NCs with requ > 50 nm have been used
in all of our studies, and only experiments on NCs with L = 110 nm (requ. = 68.24 nm) are described
here.
Nanoparticle loading: When dispersing the Ag NCs onto the chip, it is important to adjust the
dilution of the suspension to obtain an appropriate loading. While T can be measured using just a
single Ag NC, as was done in Experiment 13 (Table 3.5), this introduces significant uncertainties
into the value obtained. On the other hand, the use of high loadings can lead to agglomeration.
Even for well-dispersed particles, if the inter-particle separation is too small then the vapor from
adjacent particles could influence the sublimation rate, leading to lower apparent temperatures. As
discussed in Section 3.5.1, such an effect could be responsible for the apparent variation in T shown
in Figure 3.14. Thus, the ideal loading would give a few isolated NCs separated from one another
by > 100 nm.
Illumination conditions: The choice of illumination conditions is critical in such experiments. At
high electron fluences there can be significant effects due to interactions with the beam. Previously,
it has been shown that in the absence of external heating, exposure of PVP-capped Ag NCs to a
focused electron beam can lead to recrystallization of Ag under the cap [111]. Even at lower
fluences, there can be heating effects wherein the temperature rise is inversely proportional to the
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thermal conductivity of the specimen and directly proportional to the electron beam flux (current
density) and specimen density [26]. To minimize such effects, the lowest current density consistent
with the acquisition of image stacks with appropriate spatial and temporal resolutions was used.
The effects of beam heating under the illumination conditions used here are estimated by
comparing the results of experiments performed under continuous exposure (Section 3.5.1) with
those using intermittent exposure (Section 3.5.2). The maximum discrepancy between the values
of Tmean obtained in these two sets of experiments was 2.2%. This is broadly consistent with the
results of previous investigations on beam heating effects in TEM [27-30].
Decomposition of PVP: To obtain sublimation behavior consistent with that described by the
Kelvin equation, it is necessary to first remove the PVP cap. If one heats directly to the sublimation
temperature, then the PVP converts to a carbon shell surrounding the Ag NC, and sublimation
proceeds by complex morphological transitions in the manner described by Ding et al. [112].
These transitions include the development of {110} and {111} facets, and asymmetric sublimation
as the Ag vapor escapes through a pore or crack in the C shell. Similar phenomena have been
reported in a more recent study by He et al. [113]; these effects were compared with the
sublimation of Ag NCs for which the PVP cap had been removed by repeated washing followed
by in situ heating at 125 ˚C for 1 h with the beam blanked to remove any residue. In the present
study, the PVP cap was removed by thermal decomposition alone. Du et al. have shown that the
onset of decomposition for pure PVP occurs at around 380 ˚C, while for PVP-coated nanoparticles
the onset temperature is depressed [114]. A 4 min hold at 400 ˚C was found to be sufficient to
remove the PVP cap, and that extending the holding time to 15 or 60 min did not have any
significant effect on the values of Tmean obtained.
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3.6.2 Sources of Error
Random errors: The results presented in Section 3.5 show that in each case the data obtained are
remarkably reproducible, with a maximum standard deviation of ± 5 ˚C in the values of T obtained
in any particular experiment. Moreover, the values of Tmean obtained from experiments on different
windows on the same chip (Section 3.5.3) and from different chips (Section 3.5.3) all lie with a
range of ± 5 ˚C. The consistency of the values indicate that the random errors must be very small.
The two primary sources of such errors are the measurements of requ and t. The maximum
uncertainty in requ is estimated to be ± 2 nm, and for the Ag NCs used here (requ ≈ 70 nm) this
corresponds to an uncertainty in T of less than ± 1.5 ˚C (i.e. < 0.15 %). Similarly, the uncertainty
in t is around ± 0.5 s. The effect of this error depends strongly on the duration of the experiment.
At 750 ˚C, the uncertainty in T would be less than ± 0.05 ˚C, whereas at 850 ˚C this would rise to
± 1.0 ˚C. For an extreme case where the uncertainty in t rose to ± 5 s, the uncertainty in T at 850
˚C would be ± 8.8 ˚C.
Systematic errors: Given the magnitude of the difference between the set-point temperatures and
the values of Tmean obtained in this study (≈ -50 ˚C), systematic errors are of particular concern.
The most likely sources for such errors are in the values of the surface energy γ, the sticking
coefficient , and the vapor pressure P∞ used in the Kelvin equation to obtain values of T from
measurements of requ and t. Since the errors in γ and  are difficult to quantify accurately, extreme
cases in which they vary by > 10 % from the values used in the analysis of the data are considered.
A decrease in γ from 1.2 J/m2 to 1.0 J/m2 would reduce the values of T obtained by less than 1˚C.
Similarly, a decrease in  from 1.0 to 0.8 would increase the values of T obtained by 7-8˚C. Since
equation (6) has been shown to reproduce the observed values of vapor pressure for silver to an
accuracy of ± 5 % [108], errors in P∞ by a margin of ± 10 % are considered. This variation in P∞
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would result in an uncertainty in T of ± 3 ˚C at 750 ˚C, and ± 4 ˚C at 850 ˚C. Thus, even for such
extreme cases, the cumulative effects of these systematic errors cannot account for the
discrepancies between the values obtained for Tmean and the set-point temperatures.

3.6.3 Deviation from the Set-Point Temperature
In the study by Asoro et al. [106], the discrepancy between the temperature measured from the
sublimation of Ag nanoparticles and that obtained from separate calibrations of the MEMS chip
was explained on the basis of electron beam heating. This is clearly not the case for the experiments
presented here, because the values of Tmean obtained are consistently lower than the calibrated setpoint temperatures. The magnitude of the discrepancy is between 5 and 7.5%, which is greater
than the error of < 4% reported by Mele et al. [24] for these devices based on a combination of
oven heating experiments and thermographic images obtained from an external vacuum station.
However, it is important to recall that while pyrometers or thermographic cameras give a rapid
and accurate measurement of surface temperature, they do so with limited spatial resolution (≈510 µm). Since this resolution limit is similar to the dimensions of the windows in the MEMS
device, the calibrated set-point temperature will correspond to that of the heat-spreader plate. The
obvious implication is that the temperature of the specimen on the amorphous silicon nitride
membrane differs from that of the heat-spreader.
A possible explanation for this difference is suggested by the experiment in which the use of a
FIB-cut single-crystal Si specimen (Section 3.5.3) gave a value of Tmean 13 ˚C higher than that
obtained on the amorphous silicon nitride membrane under the same experimental conditions
(Figure 3.15(c)). Since the thickness of the FIB-cut Si specimen is far higher than that of the silicon
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nitride membrane, this temperature difference can only be explained on the basis of differences in
thermal conductivity. Values of the thermal conductivities for thin films at elevated temperature
are not readily available, but, the room temperature values for crystalline Si and amorphous silicon
nitride thin films are 2 - 60 W/m-K [115] and 0.4 - 2.7 W/m-K [116], respectively. These values
are significantly lower than those for their bulk counterparts, which are 145 and 16-30 W/m-K,
respectively [82]. The reduced thermal conductivity of thin films is attributed to the scattering of
phonons at boundaries, imperfections, impurities, and electrons; these effects are exacerbated at
higher temperatures. Thus, the temperature of the specimen will be a balance between thermal
conduction from the heat-spreader plate, radiative losses from the surfaces, and electron beam
heating. Since the thermal conductivity of the silicon nitride membrane is about an order of
magnitude lower than that of a crystalline thin film of Si, one might expect the temperature of the
silicon nitride membrane to be lower, as observed experimentally.

3.6.4 Broader Applicability of the Technique
The measurement of specimen temperature by the sublimation of Ag NCs is simple to perform
and requires no special instrumentation or complex computational analysis. When the
experimental conditions are controlled appropriately, as discussed in Section 3.6.1, the spread of
values obtained for T is small and the values of Tmean are reproducible from window to window on
the same chip, and from chip to chip of the same type. The two factors that can affect Tmean
significantly are the illumination conditions and the specimen type. Thus, for accurate calibration
of temperature, nanoparticle sublimation experiments must be performed for each value of electron
fluence and for each sample material to be used in the subsequent in situ heating experiments.
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The main limitation to this approach is the exponential dependence of sublimation time on
temperature; this limits the range of temperatures over which the technique can be applied to about
700 – 850 ˚C. At lower temperatures the sublimation experiment becomes unreasonably long,
whereas at higher temperatures the sublimation is so rapid that it is difficult to measure t accurately.
To extend this technique to other temperatures, one would require metallic nanoparticles with
rather different sublimation temperatures. Possible candidates might include Au for higher
temperatures, and Mg for lower temperatures. In both cases, there have been previous reports on
nanoparticle sublimation in the TEM [117,118]. Beyond this, one could use the equations
developed by Alcock et al. [108] to identify metallic elements whose nanoparticles would have
vapor pressures that are consistent with sublimation inside the TEM. Elements such as Co, Ca and
Cd are promising in this regard, although this is clearly dependent on the feasibility of synthesizing
highly monodisperse nanoparticles of these metals

3.7 Conclusions
It has been shown that for an appropriate combination of experimental conditions, one can use
the isothermal sublimation of well-separated mono-disperse Ag NCs to calibrate the specimen
temperature in an in situ heating experiment over the range of about 700-850˚C. The value of the
temperature obtained from the measured values of requ and t using the Kelvin equation is highly
reproducible with a standard deviation of less than ± 5 ˚C for NCs in a particular area. The value
of Tmean obtained from the mean values of requ and t for a group of NCs is within 0.5 ˚C of the mean
of the individual calculated values of the temperature.
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For the MEMS heating device used in this study the variation in Tmean from window-to-window
on a given chip, and from chip-to-chip of the same type, is less than 5 ˚C. The values of Tmean
obtained are, however, consistently 5-7.5 % lower than the externally calibrated set-point
temperature for the device. This discrepancy cannot be explained on the basis of random errors
due to uncertainties in the measurements of requ and t, or systematic errors due to the use of
inappropriate values for the constants in the Kelvin equation. The difference is instead probably
due to the sample temperature being lower than that of the heating device, because of the low
thermal conductivity of thin support membranes and TEM specimen lamellae.
This technique could be extended to other temperature ranges by the use of metallic
nanoparticles with different vapor pressures and sublimation characteristics.

76

CHAPTER 4
4. Focused Ion Beam Preparation of Specimens for Micro-Electro
Mechanical System-based Transmission Electron Microscopy
Heating Experiments*
4.1 Introduction
Micro-electro-mechanical systems (MEMS)-based heating holders offer exceptional
control of temperature and heating/cooling rates for transmission electron microscopy
experiments. The use of such devices is relatively straightforward for nano-particulate samples,
but the preparation of specimens from bulk samples by focused ion beam (FIB) milling presents
significant challenges. These include: poor mechanical integrity and site selectivity of the
specimen, ion beam damage to the specimen and/or MEMS device during thinning, and difficulties
in transferring the specimen onto the MEMS device. In this chapter, a novel FIB protocol for the
preparation and transfer of specimens from bulk samples is described. This protocol involves a
specimen geometry that provides mechanical support to the electron-transparent region, while
maximizing the area of that region and the contact area with the heater plate on the MEMS chip.
The method utilizes an inclined stage block that minimizes exposure of the chip to the ion beam
during milling. This block also allows for accurate and gentle placement of the FIB-cut specimen
onto the chip by using simultaneous electron and ion beam imaging during transfer. Preliminary
data from Si and Ag on Si samples are presented to demonstrate the quality of the specimens that
can be obtained and their stability during in situ heating experiments.

*Sections of this chapter are a reproduction of an article by the author published in the Microscopy and Microanalysis journal, titled “Focused Ion
Beam Preparation of Specimens for Micro-Electro Mechanical System-based Transmission Electron Microscopy Heating Experiments, Microsc.
Microanal., 23 (2017) 708-716.https://doi.org/10.1017/S1431927617000605
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4.2 Literature Review
MEMS-based heating holders have enabled researchers to carry out sophisticated
experiments to understand a wide range of thermally activated phenomena in nano-particulate
systems and thin films. Such studies include: morphological transformations in nano-crystals
[119,120]; size-dependent sublimation of nanoparticles [103]; thermal stability of catalytic
nanoparticles [121, 122]; nucleation of new phases [123]; crystallization of metallic glass nanorods [124] and solid - state de-wetting in thin films [125]. However, in situ investigations of bulk
material systems are more difficult to perform due to complications in the preparation of electrontransparent lamellae from bulk samples and the transfer of these lamellae to the MEMS-based
devices. Recently, there were attempts by previous investigators to develop a technique for the
preparation and transfer of a lamella onto a MEMS based sample carrier. The previous reports that
used a FIB-SEM based approach are reviewed below.
The approach to produce conventional TEM specimens from bulk materials by techniques
such as twin-jet electropolishing has been combined with focused ion beam (FIB) methods to
remove fragments of the electron-transparent regions and transfer them onto the MEMS chip [126128]. The first study describing this approach was by Zhong et al. [126,127]. In this study, the
authors prepared conventional TEM thin foils using twin jet-electropolishing to prepare an
electron-transparent specimen. The FIB-SEM was used to cut-out an electron-transparent region
(~ 150 x 75 µm) from a twin jet electropolished thin-foil. The micromanipulator needle was
attached to the fragment before being fully separated from the thin foil (Figure 4.1). The two ways
described in the study to attach the micromanipulator needle to the electron transparent specimen
are; 1) attach with an organometallic Pt precursor or 2) a vacuum compatible adhesive. The former
approach results in Pt overspray across the sample. This issue can be minimized by reducing the
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operating voltage and current used for deposition, and by avoiding immediate imaging after Pt-has
been deposited. The latter approach is time consuming and requires the micromanipulator needle
tip to be cleaned (using ion milling), removed from the FIB, and dipped in glue and left to dry for
few hours, before being re-inserted into the FIB. However, this approach avoids the issue of Pt
overspray on the specimen. After the needle is successfully attached to the corner of the electron
transparent region and separated from the thin foil, the specimen is gently lowered and placed over
the MEMS chip. The specimen is attached to the membrane surface using either organometallic Pt
or the proprietary glue.

Figure 4.1. Electron beam images of the specimen preparation and transfer process: (a) scanning
transmission electron microscopic dark-field image showing the electron-transparent region, (b)
focused ion beam slots cut around the periphery of the region of interest, with corner attachments
still in place. c: Micromanipulator attached to the area of interest and freed by milling off
supporting material, (d) sample positioned above the SiNx window, (e) micromanipulator cut free
by milling away the surrounding material after corner attachment to the environmental chips by
organometallic Pt (om-Pt) deposition. The observant reader will notice a diffuse patch of material
surrounding the perimeter of the small rectangular tabs affixing the corners of the cut out. This is
residual om-Pt discussed in the text. Reproduced from [127].

Wang et al. [128] also described a similar approach that combines electropolishing or Arion milling with the FIB-SEM. However, there is subtle difference in the approach described by
Wang et al. in comparison with the previous approach. Wang et al used a small fragment of the
entire electron transparent region instead of milling the entire electron transparent region (Figure
4.2). This approach reduces the milling time to cut the fragment, but severely compromises the
mechanical robustness of the specimen. The two main drawbacks to the approach used by Zhong
et al and Wang et al. are - first, the site selectivity is limited to features that happen to be contained
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within the thinnest regions of the thin foil. Second, the thin regions of interest are not mechanically
robust, and can easily be damaged during FIB cutting and/or transfer to the MEMS chip.

Fig. 4.2: Steps to prepare a lamella of Ti69Ta30Al1 alloy. (a) low magnification SEM image close
to the hole, (b) shows the area selected to cut, which corresponds to the area marked with square
in (a), (c) three grooves were cut through the sample, (d) the last cutting step leads to the flip up
of the lamella, (e) low magnification TEM image shows the lamella transferred onto the MEMsbased chip, (f) HRTEM image of Ti69Ta30Al1 lamella. Reproduced from [128].

Duchamp et al. [129] proposed an alternate approach in which a somewhat thicker lamella
is produced from a bulk sample by FIB milling techniques. The lamella is lifted out and transferred
to the MEMS chip, bonded in place by deposition of Pt at the edges, and then FIB milled to electron
transparency (Figure 4.3). In this study, a custom-made row holder was designed for the flip stage
in the FIB-SEM. These holders are used to accommodate the MEMS chips. The thick lamella is
milled from the bulk sample and transferred onto a Cu-grid (on the flip-stage) using the

80

micromanipulator needle in the FIB-SEM. The lamella is attached to the side of the Cu-grid such
that the surface normal of the lamella is parallel to the edge of the Cu-grid. This orientation ensures

Figure 4.3: (a-c) FIB and (d–f) SEM images of the different thinning steps to produce an electron
transparent lamella. Reproduced from [129].

that the surface of the lamella is parallel to the surface of the micro heater membrane during the
transfer to the MEMS chip. After both sides of bulk lamella are planarized, the lamella is detached
from the Cu-grid and re-attached to the micromanipulator needle. At this point the Cu-grid holders
are replaced with the custom-made MEMS row holder on the flip-stage. Before the lamella is
attached to the MEMS chip the row-holder on the flip stage is set to an appropriate angle. This
ensures that the surface of the lamella and the MEMS chip are parallel to each other during the
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transfer step. The final milling operations are performed after the lamella is transferred onto the
MEMS chip. Although this approach avoids concerns about site selectivity or mechanical
deformation of the lamella, performing final milling on the MEMS chip can lead to significant
curtaining and ion beam damage of the micro-heater plate/heating membrane.
Straubinger et al. [130] used a FIB-based approach and prepared specimen conforming to
the H-bar method [131]. Their procedure can be divided to 3 simple steps 1) prepare and transfer
an electron transparent lamella onto a Cu-grid, 2) change the orientation of the Cu-grid with respect
to the surface of the sample stage, i.e. the surface of the lamella attached to the Cu-grid is parallel
to the surface of the MEMS chip (Figure 4.4), and 3) detach the lamella from the Cu-grid and
attach the lamella onto the MEMS-chip. There are a few concerns with this approach; The fragile
Cu-grid, which holds the lamella is easily deformed during handling and could in turn damage the
lamella. Another issue is the exposure of the specimen and MEMS chip to the ion beam.

Figure 4.4: Sketch of the mounted cleaved piece of a sample (A) and TEM grid (B) on the FIB
working stage (C). The lamella is highlighted in red. As shown, the TEM grid must be mounted
perpendicular to the sample surface (left). The Cu-grid is mounted in an orientation parallel to
the surface of the MEMS chip during the transfer step (right). Reproduced from [130].
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Perez Garza et al. [81] used a 45⁰ wedge shaped block in the FIB. The block held the
specimen and the MEMS chip, which were glued on the two inclined faces of the block (Figure
4.5). The stage is used to facilitate the preparation and transfer of the lamella onto the MEMS chip.
A thick lamella is prepared and transferred onto the MEMS-chip. The thick lamella on the MEMS
chip is then thinned down to electron transparency. This approach ensures site-selectivity,
mechanical robustness and the inclined surface of the block ensures the ion beam is at grazing
incidence to the surface of the chip. However, the placement of the sample on a 45⁰ inclined surface
complicates the FIB-lamella preparation procedure; the deposition efficiency of Pt is poor, as the
electron beam and Pt -deposition needle are not at an optimal angle to the surface normal of the
sample, additional maneuvers are required to lift the specimen out during bulk milling. Final
thinning operations performed on the MEMS chip will result in milling artefacts and/or damage to
the specimen and MEMS-heating device.

Figure 4.5: Schematic illustration of the specimen preparation and transfer onto the MEMS chip.
Reproduced from [81].
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More recently, Canavan et al. [132] used rotating micro-grippers instead of the traditional
micromanipulator needle for sample lift-out and transfer. In this study, a thick lamella was
prepared using a standard FIB preparation procedure. The lamella was separated from the bulk
sample with the aid of the micro-gripper. Next, the section of the lamella away from the
microgripper was thinned down to electron transparency. Before transferring the lamella onto the
MEMS chip, the tip of the micromanipulator needle was dipped in a proprietary adhesive (i.e.
compatible in vacuum and cured by electron irradiation) and spread across the surface around the
window of the MEMS chip. The electron transparent lamella held by the micro-gripper was gently
placed next to the window such that the thicker portion of the lamella was placed on the glue while
the thinned (electron transparent) section of the lamella was over the window of the MEMS chip.
The electron beam was then used to cure the glue by irradiation. The advantage of this approach
is that it avoids issue of Pt deposition on samples and uses an adhesive to attach the specimen onto
the MEMS chip (Figure 4.6). The rotational microgripper is a proprietary accessory that was
additionally fitted for such complicated maneuvers.
In this chapter a modified approach is described, which overcomes these issues. All
thinning is done using standard FIB lift-out techniques before transferring the specimen to the
MEMS chip, thereby reducing the total ion beam flux on both the specimen and the chip. The two
key features to this approach are: a specimen geometry that provides mechanical support around
the electron-transparent region, and a FIB sample stage block that minimizes the stresses
experienced by the specimen during the transfer to the chip. Although the details of the procedure
described here are specific to the FIB system and MEMS-based heating holder used in our studies,
the specimen and FIB stage block geometries could easily be adapted for use in other systems.
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Figure 4.6: SEM images of (a) the transfer of the lamella from the grippers to the MEMS device,
(b) the high-kV curing of the lamella and adhesive, (c) and (d) schematics of lift-out geometry.
Reproduced from [132].

4.3 Specimen Preparation Procedure
4.3.1 Design of the MEMS Chip
The MEMS chip used in this study was developed by the FEI Company for use in the
NanoEx-i/v heating & biasing stage [24], as shown in Figure 3.10a. The MEMS chip has
dimensions of 8 × 3.3mm and consists of a free-standing membrane of silicon nitride with an
embedded heating element. There are four dedicated triangular contacts on the membrane for
heating experiments and four-square open contact pads that can be used for biasing experiments
(Fig. 3.10b). For the purposes of this study we employ only the heating stage. The element has a
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spiral configuration (Fig. 3.10c) such that the membrane is heated by the Joule effect when current
passes through the element. At the center of the heating element is a circular plate, 100 μm in
diameter, which serves as a heat-spreader to create a uniform temperature distribution across the
membrane surface [24]. There are 22 viewing windows, each 5 μm in diameter, distributed across
the membrane through the heat-spreader (Fig. 3.10d). These windows are covered by a 15 nm
thick, holey film of amorphous silicon nitride with 1 μm diameter holes on the opposite side of the
membrane from the contacts (Fig. 3.10e). This film acts as a support for nano-particulate samples,
but does not result in a significant reduction in the resolution of images from FIB-cut specimens.

4.3.2 Geometries of the Specimen and the FIB Stage Block
The geometry of the specimen is shown schematically in Figure 4.7. The lower surface as
shown in Figure 4.7a will be in contact with the silicon nitride membrane on the MEMS heating
chip. This surface is planar to ensure the maximum possible contact area between the specimen
and the membrane, which will minimize any thermal lag during heating. The geometry of the upper
surface includes a thick region on three sides with an electron-transparent region in the center (Fig.
4.7b). The latter region is of the same lateral size as the viewing windows in the silicon nitride
membrane on the MEMS heating chip. This arrangement provides mechanical support to the
thinnest regions of the specimen during the lift-out, final thinning and transfer to the MEMS chip,
while maximizing the size of the electron-transparent region visible through the viewing window.
The FIB system used in this study is a FEI Helios Nanolab 460F1 instrument equipped with a flip
stage, an EasyLift in situ nanomanipulator, and a NavCam
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Figure 4.7: Schematic diagrams showing the design of the FIB-cut specimen for MEMS-based
TEM heating experiments: (a) side view, (b) top view. Orientations are with respect to the TEM
electron beam. Reproduced from [109].

Figure 4.8: (a) Schematic diagrams of the stage block geometry and dimensions as seen from the
side view (top) and top view (bottom). (b): NavCam image (as viewed from the electron column)
showing the location of the sample and the MEMS chip on the stage block. Reproduced from
[109].
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optical viewing system. To facilitate the preparation of a specimen with the geometry shown in
Figure 4.7, and the transfer of the specimen from the bulk sample to the MEMS chip, a FIB stage
block is employed, whose geometry is shown schematically in Figure 4.8a. The bulk sample is
attached to the top surface of the block, which lies parallel to plane of the FIB sample stage, and
the MEMS chip is attached to the inclined surface in a 1mm deep machined recess. The T-shaped
geometry of the recess is shown in the top view schematic diagram (lower part of Fig. 4.8a); this
recess geometry allows for the chip to be mounted horizontally or vertically on the inclined surface
as required.
Figure 4.8b is a top view image obtained using the NavCam showing the stage block in the
FIB chamber with the sample and MEMS chip attached. For the procedure described here, the
block is oriented so that the inclined face points away from the ion column when the stage is in
the horizontal position as shown in Figure 4.9b. The use of such a block has several advantages.
Attaching the bulk sample to the flat top surface allows for conventional FIB milling and lift-out
procedures to be used. Attaching the MEMS chip in the recess on the inclined surface reduces the
ion flux on the chip during the milling and lift-out procedures, and provides better viewing angles
for both electron and ion beam images during transfer of the specimen to the chip. This latter point
is shown more clearly in the following section. The FEI Helios Nanolab 460F1 instrument used in
this study has two sample stages: (1) the bulk stage to which the FIB stage block is attached, and
(2) a flip stage that holds the Cu grid for final milling operations. The bulk stage has a tilt (T) range
of −10° to +60°, where positive T corresponds to an anti-clockwise rotation about the axis
perpendicular to the diagram in Figure 4.9. The flip stage has an alpha flip (AF) range of 0–360°
and the AF axis is parallel to that for T on the bulk stage.
4.3.3 Sequence of Operations
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The specimen preparation procedure can be divided broadly into four steps: (1) bulk
milling, (2) in situ lift-out, (3) final milling and (4) in situ transfer onto the MEMS chip. The first
three steps are variants of the standard FIB lift-out procedures, adapted to prepare an electrontransparent specimen with the geometry specified in Figure 4.8. The FIB stage block is used for
steps 1, 2, and 4 and the flip stage is used for step 3. The sequence of operations is explained with
the aid of Figures 4.9 and 4.10. The schematic diagrams in Figure 4.9 show the orientations of the
stages with respect to the ion and electron column in the FIB. Figure 4.10 is a selection of
micrographs showing a specimen at various steps in the procedure. For the sake of brevity, the
most important operational parameters used during the procedure are mentioned. A thick lamella
is obtained by tilting the bulk stage to T = 52° (perpendicular to the ion column - Fig. 4.9(a),
depositing a protective Pt cap onto the region of interest on the bulk sample, milling trenches on
either side of this cap to define a lamella, and then pre-thinning the lamella to ≈0.8 μm in thickness.
The bulk stage is then tilted to T = 0° (Fig. 4.9b), the EasyLift nanomanipulator probe is attached
to the Pt cap, and the lamella is cut free from the bulk sample (Fig. 4.10a). In this orientation, the
probe axis lies parallel to the plane of the FIB-cut lamella. The lamella is then attached to the Cu
grid on the flip stage (Fig. 4.4b), which is rotated to AF = 52° for the final milling (Figs. 4.9c,
4.10c). The final milling is performed by reducing the ion beam voltage and current iteratively
from 30 kV and 0.23 nA to 5 kV and 15 pA; this results in an electron-transparent region with a
minimum of ion beam damage (Fig. 4.10d). To transfer the specimen to the MEMS chip, the
nanomanipulator probe is attached to the thick region on one side, and the sample is then cut free
from the Cu grid (Figs. 4.10e, 4.10f). It is important to note that these steps are performed at AF =
52° so that the probe axis is inclined to the specimen plane to facilitate transfer. The bulk stage is
then tilted so that the MEMS chip surface is
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Figure 4.9: Schematic representation of the sample stages with respect to the ion and electron
columns in the FIB during (a) bulk milling, (b) in situ lift out, (c) flip stage final milling, and (d)
in situ transfer onto the MEMS chip with the aid of the nanomanipulator probe, as shown in the
inset. Reproduced from [109].
approximately parallel to the ion beam (Fig. 4.9d). In this orientation, the ion flux (and therefore
the probability of inducing significant ion beam damage) on the MEMS chip is minimized.
Moreover, the plane of the specimen lies parallel to the MEMS micro-heater surface, which
minimizes the chances of inducing significant mechanical stresses during transfer. For the FIB
stage block geometry shown in Figure 4.8, the ion beam is parallel to the chip at T = 17°. In
practice, a somewhat larger value of T is required to give a projected view of the windows on the
chip surface so that the electron transparent region of the specimen may be placed across the
selected window more precisely; in our work a value of T = 24° was used in this step. The transfer
process involves: tilting the stage to the transfer angle of T = 24°, adjusting the micro-heater surface
to the eucentric height so that both electron and ion beam images can be acquired (Figs. 4.10g and
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4.10h, respectively); aligning the specimen over the selected window on the micro-heater surface;
lowering the nanomanipulator until the specimen just comes into contact with the surface;
attaching the specimen to the MEMS chip with Pt; and then cutting the specimen free from the
nanomanipulator probe. The specimen is now ready for observation in the TEM (Fig. 4.10i). An
important feature of this protocol is that the whole preparation procedure can be completed within
the chamber without breaking vacuum. This is in contrast to the modified H-bar approach
described by Straubinger et al. [130] for producing specimens for gas environmental cell holder
experiments.

Figure 4.10: Sequence of operations: (a–c) SE ion beam images showing the transfer of the lamella
from the bulk stage to the flip stage, (d) HAADF STEM image of the electron transparent lamella
after final milling, (e, f) SE ion beam images showing the nanomanipulator reattachment to the
side of the specimen and separation from the flip stage, (g, h) alignment and attachment of the
specimen to the MEMS chip, and (h, i) SE images of the final configuration obtained using the ion
and electron beams, respectively. BS=bulk stage; FS=flip stage. Reproduced from [109].
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4.4 Material & Methods
To demonstrate the viability of the specimen preparation procedure described in the
previous section, two reference samples were examined. The first was a semiconductor grade Si
wafer with a (100) polished surface. This simple sample was selected to evaluate the quality and
stability of the cross-sectional TEM specimens that can be produced by this procedure. The second
sample was a similar wafer onto which a thin film of metallic Ag was deposited by thermal
evaporation. This process was performed using an Edwards 306A coating system operating at a
pressure of 1 mPa. A 0.2 g nugget of commercially pure Ag was placed in a W wire basket, and
the nugget was heated by passing a current through the W wire. The cross-sectional TEM specimen
produced from this sample was used for in situ heating experiments. This latter system was selected
to demonstrate such experiments because the annealing of Ag on Si has been studied previously
using TEM, both in situ using conventional furnace-type heating holders [58] and via post mortem
characterization [132]. The specimens were examined using the NanoExTM i/V holder in an FEI
Talos F200X scanning/TEM operating at 200 kV. This instrument has an “extreme” field emission
gun source which has a combination of high brightness (1.8 × 109 A/cm2 srad at 200 kV) and high
stability beam current (>50 nA). The instrument is also equipped with a SuperXTM energy
dispersive X-ray spectrometry (EDXS) system, which has four in-column, shutter-protected,
windowless silicon drift detectors giving a total solid collection angle of 0.9 srad. The SuperX TM
system can generate fast EDXS maps with pixel dwell times as low as 10 μs, at temperatures as
high as 600°C. The in situ TEM data were captured using a CetaTM 16M pixel complementary
metal oxide semiconductor camera, which provides a large field of view with a maximum frame
rate of 25 frames/s at 512 × 512 pixel resolution. The information limit of the TEM is 0.12 nm and
the STEM high-angle annular dark field (HAADF) resolution is 0.16 nm. For spectrum imaging
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experiments, data were acquired at the same resolution (512 × 512 pixels) with a dwell time of 49
μs/pixel. The selected areas were scanned repeatedly for a total acquisition time of 600 s.
Postprocessing of the EDXS data was performed using the Bruker Esprit software to subtract the
background, and the compositions were then extracted from the intensities in the Ag-Lα, Si-Kα,
Pt-Lα, and Ga-Kα peaks using standard-less quantification on the basis of the thin film
approximation.

4.5 Results & Discussion
4.5.1 Imaging of (100) Si Wafer
The sequence of images shown in Figure 4.11 was acquired in the FEI Helios Nanolab
460F1 during the preparation of a [011] cross-section from the (100) Si wafer. A low magnification
bright field (BF) TEM image obtained from the sample on the MEMS chip using the FEI Talos
F200X is shown in Figure 4.11a. The residue of the Pt cap is visible across the top of the window,
the uniform thick side region is just visible on the right-hand side, and the rougher thick lower
region can be seen at the bottom. Such images show no evidence for curtaining of the FIB-cut
lamella, and the uniform contrast across the electron-transparent region indicates that the specimen
has a uniform thickness in this area, although faint contrast from the holey silicon nitride film is
visible in the background. The phase contrast image shown in Figure 4.11b was obtained from the
region indicated by the black box in Figure 4.11a. A magnified view of the region indicated by the
black box in Figure 4.11b is shown in Figure 4.11c. The image corresponds to the [011] projection
of the diamond cubic Si structure, although the Si dumb-bells are not resolved under these imaging
conditions (i.e. the contrast features correspond to closely spaced pairs of atomic columns). The
corresponding fast Fourier transform power spectrum is shown in Figure 4.11d. These data
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demonstrate the possibility of producing high-quality artifact-free specimens of uniform thickness
by this procedure.

Figure 4.11: a: BF TEM image of the cross-sectional specimen from the (100) Si substrate on the
MEMS chip. b: Phase contrast lattice image of the specimen from the region within the black box
in (a). c: Enlarged view of the region within the black box in (b). d: Fast Fourier transform showing
the [011] orientation of the specimen. Reproduced from [109].

4.5.2 In Situ Heating of Ag on (100) Si
A cross-sectional specimen was produced from the Ag film on (001) Si using the same
milling and transfer procedure, and a HAADF STEM image from the specimen is shown in Figure
4.12a. The Ag film is visible as a fine bright band across the top of the window, and a higher
magnification HAADF image from this area is shown in Figure 4.12b. Such images show that the
Ag film is uniform with a thickness of ~100 nm. Contrast variations within such HAADF images
and BF images (not shown) reveal that the Ag film is polycrystalline with a mean grain size of
about 57 nm. The majority of these grains are roughly columnar running from the Si substrate to
the film surface, but there are also some smaller equiaxed grains wedged between the larger
columnar grains. The region shown in Figure 4.12b has dimensions of 770 × 770 nm; the
corresponding Ag, Si, Pt, and Ga elemental maps are shown in Figures 4.12c to 4.12f, respectively.
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The Ga map suggests that the Ga+ implantation damage has largely been restricted to the Pt cap.
The Ga concentrations obtained by considering only Ag, Si, Pt, and Ga (i.e. neglecting the light
elements C, N, and O) were: 6.7, 1.4, and 1.8 at% in the Pt cap, Ag layer, and Si substrate,
respectively.

Figure 4.12: a, b: HAADF STEM images of: (a) the cross-sectional specimen of Ag/(100)Si on
the MEMS chip, (b) detail showing the Ag film. c–f: Compositional maps from the region shown
in (b) for Ag, Si, Pt and Ga, respectively. Reproduced from [109].
The specimen was heated at 10 °C/s from room temperature to 100 °C, and then at the same
rate in 50 °C increments to a maximum temperature of 650 °C. At each set-point temperature, the
specimen was held for 10 min to allow for any microstructural changes to be observed. A selection
of BF TEM images acquired from the Ag/Si interface after holds of 2 and 10 min at each
temperature step between 350 and 500 °C is shown in Figure 4.13. These images reveal two main
types of change in the microstructure: grain growth in the Ag, and de-wetting of the Si surface by
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Ag. There is evidence for the onset of de-wetting (dark diffuse contrast at the specimen surface)
after 10 min at 350 °C (Fig. 4.13b), whereas obvious grain growth does not occur until between 2
and 10 min at 400 °C (Figs. 4.13c, 4.13d). As such, it is not clear whether the grain growth is
inherent behavior for the Ag film at this temperature or if it is related to the de-wetting at the
specimen surface. The in situ observations at high temperatures are complicated not only by mass
transport across the specimen surface, but also by concomitant de-wetting of the Pt cap. This was
evident in the spectrum map obtained from the specimen at the end of the in situ heating
experiment, which confirmed the presence of Ag and Pt regions across the surface of the Si
substrate in this cross section (Fig. 4.14).

Figure 4.13: BF TEM images of the Ag/Si interface acquired after 2- and 10-minute isothermal
holds at (a,b) 350 °C, (c,d) 400 °C, (e,f) 450 °C, and (g,h) 500 °C. Reproduced from [109].
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Figure 4.14: HAADF-STEM images of: (a) the FIB-cut lamella on the MEMS chip after heating
the lamella, (b-e) compositional maps from the region shown in (a) for Ag, Si, and Pt respectively.
Reproduced from [109].

Previous studies of Ag on Si include in situ plan view TEM observations of grain growth
kinetics and substrate de-wetting characteristics [58], and post mortem cross-sectional TEM
analyses on the effects of Ag film thickness and texture on grain growth [133]. There have been
no previous in situ TEM heating studies on cross-sectional Ag/Si samples. The only previous study
of this type was for ultrathin Ni films on SiO2 using a conventional furnace-type heating holder
[134]. In principle, such studies should help to develop a qualitative understanding of the
mechanism of de-wetting at the film/substrate interface, which cannot be studied using plan view
specimens. However, as shown in the results presented here, specimen surface effects can
dominate the behavior so that this may not be representative of the grain growth in, or de-wetting
of, the Ag films. The sequence of events observed for the cross-sectional specimens during heating
is shown schematically in Figure 4.15. At 350°C, Ag islands form on the lower surface at the Ag/Si
interface. As the temperature increases, the islands spread across the lower Si surface, and
eventually the Pt also spreads across the lower surface from the cap. All of these processes occur
at nominal temperatures well below the melting points of the respective metals (962 and 1768°C,
respectively for Ag and Pt). Although these effects may limit the value of the observations
presented here for understanding this material system, the data do demonstrate the viability of our
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approach for producing high quality damage-free specimens from bulk materials and for
transferring these to MEMS-type chips for in situ heating experiments.

Figure 4.15: Schematic diagram showing the sequence of de-wetting events at the different
specimen temperatures used in the heating experiments for the Ag on (100) Si specimen.
Reproduced from [109].

4.6 Conclusions
In this chapter, the protocol for the FIB preparation of a TEM specimen from a bulk
material and the transfer of the specimen to a MEMS-based chip for in situ heating experiments
has been developed. The entire procedure was performed without breaking vacuum. The key
features of this approach are:
(1) a specimen geometry that provides good mechanical support to the electron-transparent region,
and maximizes the contact area with the heater plate on the MEMS chip to promote rapid heating
and cooling; and
(2) use of an inclined stage block that minimizes the ion flux experienced by the chip during FIB
milling, and facilitates the accurate positioning of the FIB-cut specimen during transfer to the
MEMS chip.
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Cross-sectional specimens cut from bare (100) Si wafers, and from (100) Si wafers with
thermally evaporated Ag surface films, have been used to demonstrate the approach. Smooth,
curtain-free TEM specimens of uniform thickness were obtained from both samples. Data from
preliminary heating experiments on the Ag/Si specimen show excellent stability during heating,
although the grain growth and de-wetting phenomena observed in this specimen appear to be
dominated by surface effects.
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CHAPTER 5
5. In Situ STEM Investigations of Thermally Activated Processes in
Gas-Atomized Al Alloy Powders
5.1. Introduction
Cross-sectional scanning transmission electron microscopy (STEM) specimens were
produced from individual gas atomized alloy powder particles of three aluminum alloys: solid
solution strengthened Al5056, precipitation hardenable Al6061 and an Al-Cr-Mn-Co-Zr alloy
which contains icosahedral quasicrystal dispersoids. These specimens were used to perform in situ
STEM heating experiments to investigate the changes that occur in the metastable phases and nonequilibrium microstructures upon heating. The experiments reveal the details of a wide variety of
thermally activated processes occurring in the particles including: solute redistribution to eliminate
micro-segregation; dissolution, coarsening, transformation and decomposition of secondary
phases; and precipitation within the Al matrix.

The contents of this chapter are currently under review.
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5.2 Literature Review
5.2.1 Gas Atomization

Gas atomization is the most common method used to produce metallic alloy powders for
conventional powder metallurgy processes and for metal powder additive manufacturing [135,
136]. By breaking-up a molten stream into droplets using high pressure inert gas, fine spheroidal
powder particles with constant average composition can be obtained from even the most complex
multi-component alloys, thereby avoiding the macro-segregation problems that arise in
conventional melt processing. The cooling rates that prevail in gas atomization are extremely high
(104-108 Ks-1), which can lead to the formation of metastable phases and non-equilibrium
microstructures that are radically different from those in bulk materials [137, 138]. Under most
circumstances the phases and microstructures present in the powders are not of concern since these
will revert to more equilibrium forms during subsequent thermal processing. Thus, in conventional
sintering of metal powders, high temperatures and pressures are used to promote inter-particle
bonding and minimize porosity, whereas in powder-bed additive manufacturing the metal powders
are re-melted selectively using laser or electron beams [139-141]. There are, however, two main
situations in which the powder microstructures and the phases present can be particularly
important. Firstly, there are additive manufacturing processes such as gas dynamic cold spray
(GDCS), in which powder consolidation is achieved by accelerating particles towards substrates
at super-sonic velocities [142-144]. Under appropriate conditions this leads to metallurgical
bonding with only very short low-temperature thermal transients, and so the microstructural
features in the powder can be retained in the deposits [145,146]. In the GDCS community there is
significant interest in the as-atomized powder microstructures, and in how these might be modified
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by powder heat-treatment to optimize deposition characteristics, or by post-deposition heattreatment to optimize the properties of the deposits [147-152]. Secondly, there are cases where gas
atomization is used as a scalable rapid solidification technique to produce powders that contain
inherently metastable phases such as metallic glasses [153-155] or quasicrystals [156,157]. In such
cases, there is great interest in the thermal stability of the metastable phases, since this will have
important implications for the potential to consolidate such materials and to exploit their unusual
properties.

5.2.2. In Situ TEM Investigations of Thermally Activated Processes in Al-Alloys

Previously, several investigators have observed thermally activated processes in Al and Alalloys using in situ TEM. Most of the work has been aimed at understanding thermally activated
processes in conventionally processed Al-alloys with the exception of a few reports, which focus
on rapidly solidified Al-alloys. In this section, the most important studies on thermally activated
processes in conventional Al-alloys which used in situ TEM heating experiments are reviewed.
Thomas & Whelan [36] were the first to observe precipitation in thin foils of an Al-4%Cu alloy
inside the TEM. In this study, they observed that precipitation in thin foils was dominated by
diffusion of solute atoms to the thin foil surface, which was facilitated by quenched in lattice
vacancies. This behavior was in stark contrast to the precipitation at helical dislocations observed
in bulk materials. The precipitation of θ’ & θ formed during ageing at 250-300 ⁰C and 350 ⁰C
respectively revealed, some precipitates have a crystallographic relationship with the matrix that
was consistent with one of the three orientation relationships previously observed in an Al-4%Cu
alloy. In situ observations of precipitate dissolution revealed that θ precipitates dissolved at a
constant rate in some cases when heated to 500⁰C. The diffusion coefficient of the solute was
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determined by using the formula: dr2/dt = -kD, where the r is the precipitate radius at time t, k is
the rate constant and D the diffusion coefficient of solute in the matrix. However, this was a rough
estimate of the diffusion coefficient for two reasons: 1) the applicability of the theory used to
calculate the D for precipitates in thin foils is debatable and 2) the specimen temperature measured
was not accurate (± 30⁰C). The investigators noted that the microstructure of the thin foil subjected
to a repeat ageing cycle (second and third ageing treatment) were different from the microstructure
observed after the first ageing cycle (Figure (5.1)).

Figure 5.1: Examples of precipitates at 300⁰C near triple grain boundary junction after; (a) Second
ageing treatment, (b) third ageing treatment. Reproduced from [36].
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Laird & Aaronson [39] investigated the mechanism for the formation of θ phase and the
dissolution of the θ’ phase in Al-4%Cu alloy. Their observations revealed that the θ precipitate
morphology and crystallographic structure were similar to those previously observed in the bulk
material. Laird and Aaronson performed in situ heating experiments on thin foils prepared from a
pre-aged bulk sample with an α + θ’ microstructure, unlike Whelan and Thomas [36] who subjected
a single thin foil to multiple ageing treatments inside the microscope. Laird and Aaronson
suggested that θ-precipitates were observed to nucleate inside θ’ phase at the boundary between α
and θ’. After nucleation of θ the growth proceeded in three different ways – 1) by consuming the
θ’ that it nucleates in, 2) by transforming the α grain in the vicinity of θ’ that had undergone
transformation and 3) by dissolution of the θ’ crystals in the vicinity of a growing θ. In this study,
different morphologies of precipitates classified based on their orientation relationship (with the
matrix) and morphology were reported; Group I-thin parallel sided plates with round edges or thin
lenticular plates, Group II/III-thick rods, bulky or idiomorphs (Figure 5.2). The diffusion
coefficient calculated from in situ experiments were an order of magnitude higher than those
observed in the bulk, this variation was attributed to ‘short circuit’ diffusion. Laird and Aaronson
[37] later investigated the mechanism and kinetics of thickening and lengthening of hcp - γ plates
in Al-15%Ag alloys. Butler & Swann studied the kinetics of grain boundary precipitation in an AlMn-Zn alloy [38].

Ramaswamy et al. [158] investigated the discontinuous precipitation reaction in an Al28%Zn alloy via in situ TEM in a HVEM. The in situ observations of discontinuous precipitation
in TEM thin foils were consistent with those observed in bulk samples. The changes in the
interlamellar spacing with temperature observed in the bulk were easy to replicate in thin foils and
this was used to measure the temperature of the specimen. They studied the kinetics of the cellular
104

reaction and revealed that the operative mechanism was cell boundary diffusion and the lamellae
within the cells multiplied by a branching mechanism (Figure 5.3).

Figure 5.2: (a) TEM image of group I lenticular precipitate with two group II/III plates, (b) SADP
of lenticular plate in (a) with group I orientation relationship with zone axis tilted 3⁰ tilted about
[110] form [001]. Reproduced from [39].

Figure 5.3: Multiplication of Zn lamella by branching during cellular growth at 155 ⁰C. Reproduced
from [158].
Hewitt and Butler [159] studied the dissolution mechanism of the θ’ in an Al-3% Cu alloy.
The bulk Al-3%Cu sample was aged at 370 ⁰C before thinning the sample down to prepare thin
foils. In situ observations on the thin foil revealed that the mechanism of θ’ dissolution was based
on vacancy flow, which relieved the localized stress due to the volume change during a phase
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transformation. In this study, the investigators observed that θ’ precipitates were linked through
dislocation networks. These dislocations experienced climb during the dissolution process, which
confirmed that the vacancy flow is an important operative mechanism during dissolution in the Al3%Cu alloy.

Rashkova et al. [160] observed the growth of Al2Cu (θ) in a high-pressure torsion (HPT)
deformed Al-3wt%Cu alloy. In this study, the authors investigated the kinetics of coarsening of
the θ precipitate and identify the operating mechanism for Ostwald ripening. The kinetic data
obtained from in situ heating experiments are used to decide whether the mechanism was based
on lattice diffusion or grain boundary diffusion. They performed in situ TEM ageing treatments
for 100 minutes on thin foils at temperatures between 120-170 ⁰C (Figure 5.4). The kinetic analysis
of the in situ TEM data revealed that coarsening of θ could be fitted to t1/3 or t1/4 relationship, but
the activation energy measured suggests that grain boundary diffusion is the dominant mechanism
in these ultra-fine-grained alloys.

Figure 5.4: STEM BF (a) and STEM HAADF (b) images of the ultrafine-grained Al–Cu alloy
before and (c, d) STEM BF and STEM HAADF, respectively after in situ heating up to 170 ⁰C
for 100 min in a TEM. Reproduced from [160].
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More recently, Liu and co-workers [41] have performed site selective in situ heating
experiments on Al-Cu alloy system. They obtained a FIB-cut specimen from a single grain to
observe the nucleation of nano-precipitates at ageing temperatures < 200 ⁰C. In this study, the FIBcut specimens were subjected to a solutionizing treatment at 520 ⁰C before quenching the
specimen, by switching the MEMS based heater off. Subsequently, the specimen was subjected to
ageing treatments at temperatures between 140 - 200 ⁰C. All these operations were performed
inside the TEM. In this report the investigators combined in situ TEM with 3-D atomic reconstructional tomography to understand the morphological evolution of the precipitates (Figure
5.5). The in situ studies were performed on specimens at 300kV in the STEM in annular dark field
(ADF) mode, which is advantageous while studying diffusion controlled transformations. Liu and
co-workers studied the kinetics of precipitate-matrix, precipitate-precipitate and precipitate
dislocation interactions. They also investigated the mechanism for the formation of θ’ phase by
tracking the evolution of the crystal structure in a single precipitate.

Figure 5.5: (a)STEM-ADF image obtained at a tilt of 20° revealing the elongated plate type θ’
precipitate indicated by the red-arrow. These precipitates were grown on heating the TEM sample
5 h at 160 °C. From a series of 91 such STEM-ADF images, the 3-dimensional reconstruction has
been carried. (b) Images extracted from a movie, showing the 3-dimensional reconstruction of the
plate-like nanoprecipitates. These precipitates are distributed uniformly inside the TEM sample
through the thickness. The few large particles are intermetallic particles formed at the sample
surfaces. Reproduced from [41].
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5.2.3. In Situ Investigations of Thermally Activated Processes in Rapidly Solidified Al-Alloys

In this section, the previous attempts to study thermally activated processes in rapidly
solidified Al-alloys are reviewed. Howe and co-workers have investigated thermally activated
processes in powder particles on a variety of Al alloys via in situ heating experiments in the TEM
[161-164]. Eswaramoorthy et al. [161] used a custom designed thermal shield on a conventional
furnace type heating holder to study the chemical composition across a solid-liquid interface and
in an undercooled liquid as a function of temperature. In this study, Al-Si-Cu-Mg alloy powder
particle (~ 350 nm) was heated to a partially molten state such that the native oxide scale of the Al
particle encased the molten Al within the oxide shell, which prevented the molten Al from
evaporating inside the TEM. Their studies revealed that the Al and Si compositions varied in a
complementary manner across the solid-liquid interface; the composition of the solid and liquid
phase in equilibrium in an undercooled condition, which were compared with thermodynamic
models, and finally, they observed the homogeneous nucleation of the Al-rich solid phase.

Palaniswamy and Howe [162] investigated the segregation of Cu and the nucleation of
phases at the solid-liquid interface in rapidly solidified particles of an Al-Si-Cu-Mg (A390) alloy.
The in situ observations revealed that Cu nucleates to form CuAl2 at the interface of Si and liquid
Al during cooling. The Cu segregated along the high index facets of the Si. In situ observations of
solid/liquid interfaces along with thermodynamic models are a useful approach to study nucleation
at solid-liquid interfaces during solidification in complex multicomponent systems.

Eswara et al. [163] characterized the structure and chemistry of the solid-liquid interface
in an atomized Al-Si powder particle using STEM-EDXS and HRTEM. These experiments were
performed on a MEMS-based heating holder. The powders particles were ultrasonicated in ethanol
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for 10 minutes and drop cast onto the MEMS-chip. Particles in the sub-micron size range were
analyzed for this investigation. HRTEM observations revealed that the Si (111) facet and liquid
Al interface width at 600 ⁰C was approximately 3.2 nm. However, the interface width measured
using the HAADF image and chemical profile of Al and Si at the interface was 12 nm, 9 ± 1nm,
7.6 ± 1 nm respectively. This variation in the measured value of interface width between HRTEM
and HAADF-STEM data was partly attributed to beam broadening of the STEM probe.

More recently, Schneider et al. [164] investigated the dynamic behavior and nature of Cu
segregation at the atomic level in an Al-Si-Cu-Mg alloy at the solid-Si-liquid Al interface. In this
report they concluded that Cu segregated to the {113} Si-solid/ liquid interface by formation of
nano islands that constantly fluctuate and have highly reproducible orientation relationships with
crystalline Si. The height and width of these fluctuating islands were observed to have a gaussian
and log-normal distribution respectively, which suggested that these nano-islands exhibited
coalescence and possess high interfacial mobility. The investigators suggested that these nanoscale
islands were metastable phases formed prior to the nucleation of the CuAl2 phase and were not
complexion phases formed at interfaces.

Thus far, the in situ TEM approach has been confined to studies of very small particles (<
1µm for Al alloys) of atomized alloy, in which the processes can be observed directly without
thinning the particle. As described in the previous chapter a focused ion beam (FIB)-based protocol
for the site-specific preparation of TEM specimens from bulk materials and their transfer to a
heater chip for use in a micro-electromechanical systems (MEMS) based heating holder was
developed [109]. Using this approach, the advanced capabilities of MEMS-based heating holders
(high heating and cooling rates, very low specimen drift rates and excellent thermal stability) are
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used to study thermally activated processes in specimens from bulk materials at high resolution.
In this chapter, the application of this technique to study solid-state thermally activated processes
in individual gas-atomized powder particles is demonstrated. Cross-sectional specimens from gas
atomized powder, which are used in the GDCS process are subjected to in situ MEMS-based
heating experiments. This study has described the preliminary data obtained from three different
Al alloys: the solid-solution-strengthened alloy Al-Mg, the precipitation-hardenable alloy Al-MgSi, and a dispersion-strengthened Al-Cr-Mn-Co-Zr alloy that contains icosahedral quasicrystals.

5.3 Materials & Methods
A selection of images showing the specimen preparation and transfer process from one
powder particle is shown in Figure 5.6. Figures 5.6(a)-(e) show key steps in the specimen
preparation; all of these steps were performed using a Xe ion beam in an FEI Helios Nanolab
Plasma FIB-SEM to avoid the problem of Ga implantation into Al during sample thinning using
Ga ions [165]. At the completion of the process (Figure 5.6(e)) the specimen has an electron
transparent region approximately 200nm thick and 5µm across, corresponding to the diameter of
the windows in the heater chip. This thin region is supported by a much thicker (1-2µm) frame to
support the sample during transfer. The transfer process was performed in a FEI Helios 460 F1
Ga+ ion FIB-SEM equipped with a flip stage; as discussed in the previous chapter, this allows for
rapid transfer and attachment of the specimen to the chip while minimizing exposure to the Ga ion
beam. The in situ heating experiments were performed in an FEI Talos F200X scanning
transmission electron microscope (STEM) using an FEI NanoEx-i/v single tilt heating stage. In
each case, the Al-alloy particle specimen was heated from 30 ˚C to 100 ˚C and held at that
temperature for 3-5 minutes to drive off any adsorbed moisture or volatile hydrocarbons from the
surface of the specimen. The micro-heater was then ramped to the chosen set-point temperature at
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a rate of 1 ˚C/s and held at this temperature until no further change in microstructure was observed
before cooling to room temperature. The set-point temperature for each alloy was chosen on the
basis of ex situ DSC, SEM and TEM studies. The entire heating sequence for each in situ heating
experiment was recorded by capturing a series of high-angle annular dark field (HAADF) STEM
images while scanning at 1 frame per second. The Talos F200X was operated at an accelerating

Figure 5.6: Secondary electron images of steps in the FIB-specimen preparation in the Xe PFIB
(a-e) and transfer in the Ga FIB (f-i). (a) Pt strap over the ROI; (b) coarse-cut lamella; (c) lift-out;
(d) attached to the Cu omni-grid; (e) after final thinning; (f) detachment from the grid; (g)
placement on the MEMS chip; (h) bonding to the chip with Pt; (i) final configuration. Images
acquired using: (a,b,d,e,i) the electron beam; (c, f-h) the ion beam. The angles quoted represent the
tilts of the stage with respect to the electron column of the dual-beam FIB instruments at each stage
of the process (see Chapter 4 for details).
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voltage of 200 kV and is equipped with a SuperX silicon drift detector energy dispersive x-ray
spectrometry (EDXS) system. X-ray maps were acquired at room temperature from the region of
interest (ROI) in each specimen before and after the heating experiment.

5.4 Results & Discussion

5.4.1. Thermally Activated Processes in Al-Mg Alloys
The first in situ heating experiment was performed on a GA particle of an Al-Mg (Al-5056)
alloy. Al-5056 is the most Mg-rich of the non-precipitation-hardenable wrought 5xxx-series AlMg alloys with around 5 wt.% Mg. The alloy also contains minor additions of Mn and Cr, with
Fe, Si and Cu as common impurities. In ex situ TEM studies on the powder, a cellular solidification
microstructure was observed with micro-segregation to, and secondary phase decoration of, the
cell boundaries. A region around a cell boundary was selected for the experiment, and Figure 5.7(a)
is a series of X-ray maps acquired from this region. These maps reveal micro-segregation of Mg
to the cell boundary, and two types of secondary phase: one Mg-rich and the other Fe-rich.
Unambiguous identification of these phases is complicated by contributions from the thick
surrounding Al matrix, but analyses of the EDXS data indicate that both types are probably
silicides, with the former being an Mg-Si compound and the latter being a more complex Al-FeMg-Si compound. In the in situ experiment, the specimen was heated to a set-point temperature of
450 ˚C and then held at this temperature for 79 min before being cooled rapidly to 30 ˚C. Figure
5.7(b) is a selection of HAADF images from the stack acquired during the experiment. In the first
image, taken before the ramp, the Mg-rich phase appears darker than the matrix and the Fe-rich
phase appears brighter; one example of each is indicated by the white and the yellow arrows,
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respectively. Upon heating, the Mg-rich phase began to dissolve into the matrix at around 300 ˚C,
and had been eliminated completely by the time the specimen reached the setpoint temperature of
450 ˚C. During the isothermal hold, dislocations swept across the field of view and were pinned at
the Fe-rich phase. Thereafter, the Fe-rich phase showed evidence of coarsening, with the smallest
Fe-rich region being eliminated by the end of the experiment. The kinetics of this process are
presumably affected by the dislocations. Previous studies have shown that dislocations pinned by
solute clusters at high temperatures significantly enhance solute diffusion in comparison with
diffusion through the bulk [166]. The X-ray maps acquired from this region after the experiment
(Figure 5.7(c)) showed that significant chemical redistribution had occurred. In addition to the
dissolution of the Mg-Si phase, the micro-segregation of Mg had been eliminated, and the Mg in
the Fe-rich phase had been replaced by Mn and Cr (i.e. the phase had transformed into an Al-FeMn-Cr-Si compound).
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Figure 5.7: Data from a cell boundary in an Al-5056 powder particle: (a) X-ray intensity maps
from the ROI before heating; (b) sequence of HAADF-STEM images acquired during the in situ
heating experiment (79 min at 450˚C) – time stamps indicate the duration at the setpoint
temperature; (c) X-ray intensity maps from the ROI after the experiment. The scale bars on all
images and maps correspond to 400 nm.
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5.4.2. Thermally Activated Processes in Al-Mg-Si Alloys
Next, in situ heating experiments were performed on a GA particle of an Al-Mg-Si
(Al6061) alloy. Al-6061 is the most widely used of the precipitation-hardenable wrought 6xxxseries alloys. The alloy contains 0.8-1.2 wt.% Mg and 0.4-0.8% Si, plus minor additions of Cu, Cr
and Mn, with Fe, Zn and Ti as common impurities. Here again, the as-atomized powder exhibits a
cellular solidification microstructure [137], but in this case the volume fraction of the secondary
phases is higher, and these tend to form continuous films along the cell boundaries, which are
composed of alternating regions of Mg-rich and Fe-rich metastable silicide phases [167]. The ROI
that has been selected corresponds to the junction of several cell boundaries, some of which
coincide with grain boundaries in the particle. The X-ray maps acquired before the heating
experiment (Figure 5.8(a)) reveal a fine complex microstructure at the boundary junction with
separate Mg-rich, Fe-rich and Cu-rich phases. There is also an enhancement in the Si content in
the former two phases, as expected from previous studies, but there is no evidence for segregation
of Mn or Cr. In the in situ experiment, the specimen was heated to a set-point temperature of 550
˚C and held at this temperature for 124 min (Figure 5.8(b)). During the heating sequence there are
subtle changes in the HAADF image contrast showing that fine equiaxed secondary phases had
developed at the boundaries. More profound changes occurred during the isothermal hold, with
the dissolution of some phases, the nucleation and coarsening of others, and thermal grooving of
the sample along the grain boundaries. The X-ray maps acquired after the heating experiment
(Figure 5.3(c)) reveal that the Mg-rich and Cu-rich phases have dissolved, and analyses of the
EDXS data indicate the coarse secondary phases that remain are an Al-Fe-Mn-Cr-Si compound.
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Figure 5.8: Data from a junction of cell boundaries in an Al-6061 powder particle: (a) X-ray
intensity maps from the ROI before heating; (b) sequence of HAADF-STEM images acquired
during the in situ heating experiment (124 min at 550˚C) – time stamps indicate the duration at the
setpoint temperature; (c) X-ray intensity maps from the ROI after the experiment. The scale bars
on all images and maps correspond to 500 nm.
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5.4.3. Thermally Activated Processes in Al-Cr-Mn-Co-Zr Alloys
The third example is from an experiment on an Al-Cr-Mn-Co-Zr alloy that exhibits a nanocomposite mixture of Al grains and icosahedral quasi-crystalline phase (I-phase) dispersoids in the
gas-atomized powder. This microstructure is retained during consolidation of the powder to form
bulk material or GDCS coatings, and the materials exhibit a remarkable combination of
mechanical properties and pitting corrosion resistance [168-170]. The microstructure of the
powder was significantly more uniform than those of the Al5056 and Al6061 powders, and a
representative area from the center of a particle was selected as the ROI. The X-ray maps from
before the heating experiment (Figure 5.9(a)) show that the I-phase dispersoids are about 400 nm
in diameter, and are enriched in Mn, Cr and Co. There is also a small amount of a Co-rich phase
(identified previously as Al9Co2) at the grain and phase boundaries. There is no evidence for
segregation or partitioning of Zr. For the in situ experiment, the specimen was heated to 500 ˚C
and held for 31 min (Figure 5.9(b)). No microstructural changes were observed in the HAADF
images during the heating of the sample, but during the isothermal hold the I-phase dispersoids
developed bright protrusions, and the Co-rich phase at the grain and phase boundaries appeared to
coarsen. This is consistent with the X-ray maps obtained after the heating experiment (Figure
5.9(c)). The regions corresponding to the I-phase in the initial microstructure were depleted in Co,
and these were instead surrounded by Co-rich protrusions. This suggests that ejection of Co is the
critical step in the decomposition of the metastable I-phase to equilibrium crystalline
approximants. Additionally, there are fine regions, which are enriched in Zr, both within the
dispersoids and in the Al matrix; this possibly corresponds to the precipitation of Al3Zr.
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Figure 5.9: Data from a typical region of the microstructure in an Al-Cr-Mn-Co-Zr alloy. (a) Xray intensity maps from the ROI before heating; (b) sequence of HAADF-STEM images acquired
during the in situ heating experiment (31 min at 500˚C) – time stamps indicate the duration at the
setpoint temperature; (c) X-ray intensity maps from the ROI after the experiment. The scale bars
on all images and maps correspond to 500 nm.
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5.5 Conclusions
The experiments described here demonstrate the ability to capture the dynamics of a wide
variety of thermally activated processes with individual gas atomized powder particles. These
processes include: solute redistribution; dissolution, coarsening and transformation/decomposition
of secondary phases; and precipitation. As discussed in the next chapter further work is underway
to identify the metastable secondary phases and the details of the processes in each of the three Al
alloy systems considered here, but the preliminary proof of principle observations presented in this
report illustrate how in situ TEM heating experiments can be used to provide a useful insight into
important processes in different types of alloys. Thus, in solid-solution-strengthened alloys one
can study the ways in which micro-segregation is eliminated and the character of any secondary
phases develops. For precipitation-hardenable alloys, one can also investigate solutionization, and
the subsequent precipitation of the strengthening phases. In dispersion-hardened systems, the
morphological and phase stability of the dispersed phases can be revealed. As with all in situ
experiments, it is important to be aware of potential artefacts which may cause discrepancies
between the experimental observations and the processes which occur under the same thermal
conditions, ex situ. In the previous chapter, the effects of beam heating were found to be negligible
in specimens when their thermal conductivity is high [171]. The other main source of artefacts is
surface effects; for heating experiments this usually corresponds to more rapid mass transport
across the specimen surface than through the bulk, which can lead to processes that are not
representative of the ex situ behavior. In this regard, Al alloys are particularly well suited for
experiments of this type, since most of the alloying and impurity elements diffuse more slowly in
the Al lattice than the self-diffusion of Al. This mostly gives representative processes in the in situ
experiments, although even here surface artefacts such as grain boundary grooving are observed
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at the highest temperatures and longest exposure times. With these caveats in mind, and careful
correlation of the in situ observations with ex situ control experiments, studies of this type can
serve as useful input to the design of thermal processing routes for materials produced using gas
atomized powders.
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CHAPTER 6
6. Summary & Future Work
6.1 Summary
In this thesis, the experimental framework for the study of thermally activated processes in
site-selective specimens using MEMS-based heating holders inside the TEM has been developed.
Two contemporary issues that affect the reliable interpretation of MEMS-based in situ heating
experiments in the TEM were addressed: 1) measurement of temperature and 2) specimen
preparation transfer onto a MEMS chip. In the third part of this thesis, the potential of the in situ
TEM approach to study solid-state transformations in metastable alloy microstructures was
explored. After a systematic investigation of these issues in the previous chapters, the key findings
of this thesis are summarized in this section.
The temperature of the specimen experienced on a MEMS-based microheater device was
measured accurately at high spatial resolution. The isothermal sublimation of PVP-capped Ag NCs
inside a TEM was used to measure temperature of a specimen at high spatial resolution by applying
the Kelvin equation. This approach allows the temperature of the specimen to be measured
reproducibly with a precision of ± 5 ⁰C. This study revealed that the measured temperature of the
amorphous silicon nitride membrane beneath the Ag-NC was lower than the apparent temperature
of the microheater hot plate. The temperature drop observed at the window is attributed to the low
thermal conductivity of the amorphous silicon nitride membrane. It was found that issues such as
the effect of electron beam heating, the presence of a capping layer around the Ag-NC, and the
presence of a different specimen type on the measured temperature could be mitigated if the
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experimental parameters are selected carefully. Furthermore, the temperatures measured at
different windows on the same chip and/or different chips were found to be highly reproducible
and showed minimal variation. The only limitation of this approach is that temperature can only
be measured within a narrow range of temperature (700-850 ⁰C).
A protocol to prepare site-selective specimens and transfer it onto a MEMS-chip using a
dual beam FIB-SEM has been developed. The procedure utilizes a specimen geometry that ensures
mechanical stability and maximizes the contact area between the specimen and microheater
surface. A custom-designed FIB-stage block was used to place the electron transparent specimen
precisely over the desired window on the MEMS-chip. The viability of this approach to prepare
high quality cross-sectional specimens from bulk samples for in situ heating experiments inside
the TEM was demonstrated.
This thesis culminates with a series of studies that demonstrate the use of the FIB-specimen
preparation protocol to prepare cross-sectional specimens from individual gas-atomized powders.
Preliminary in situ TEM studies were performed on three different Al-alloy systems to highlight
the range of thermally activated phenomena that could be studied using this approach. In situ
STEM heating experiments on cross-sectional specimens from gas-atomized Al-Mg, Al-Mg-Si
and Al-Mn-Cr-Co-Zr alloys revealed the details of several important solid-state processes.
For the Al-Mg alloy, the in situ observations revealed that the Mg in the matrix begins to
dissolve at around 300 ⁰C and goes into solution, eliminating the micro-segregation of Mg in the
as-atomized microstructure. The X-ray maps obtained from the region of observation revealed that
Fe-rich phase in the as-atomized microstructure transformed to an Al-Fe-Mn-Cr-Si phase; the Mg
present initially in this phase is replaced by Mn and Cr. A qualitative assessment of the mechanism
suggests that the transformation is a combination of volume diffusion and dislocation mediated
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‘pipe’ diffusion. The in situ observations on the precipitation hardenable Al-Mg-Si alloy heated to
550 ⁰C revealed the following solid – state processes observed during the solutionizing treatment.
The Mg-rich and the Cu-rich phases present along the cell boundaries in the as-atomized
microstructure dissolve into the Al-matrix. The coarse Fe-rich phase, which contained no Mn or
Cr in the as-atomized condition remained at the cell boundary and formed an Al-Fe-Mn-Cr-Si
compound. The primary metastable phase transformed to fine equiaxed structures during the ramp
phase of the experiment, and later on other processes such as dissolution of some phases,
nucleation and coarsening of the secondary phases were observed. In the Al-Mn-Cr-Co-Zr alloy,
the thermal stability of the icosahedral dispersoid phase was investigated. This dispersoid was
initially rich in Mn, Co and Cr, but decomposed to a Co-lean phase with Co-rich protrusions
surrounding it. The in situ observations revealed that the ejection of Co is critical step in the
decomposition of the I-phase to more stable crystalline phases.
In summary, in situ heating investigations on gas-atomized powders are a useful approach
to extract information about solid-state processes that can guide metallurgists to design better
processing routes for gas atomized powders. However, as mentioned previously, more work is
needed to develop a comprehensive understanding of the thermally activated phenomena in gas
atomized Al-alloy systems.

6.2. Future Work
Temperature calibration of the MEMS-based heating holder using isothermal sublimation
of Ag nanocubes has been performed for a narrow range of temperatures (700-850⁰C). The use of
this approach to measure temperatures > 850⁰C is limited by the fact that sublimation of Ag
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proceeds rapidly and the uncertainty in the measured temperature is larger. This approach is not
practical for temperatures < 700 ⁰C because the sublimation times for Ag would be significantly
longer than a normal TEM session (~4 h). However, this issue could be overcome by using
nanoparticles of other elements whose vapor pressures are appropriate for sublimation to occur
inside a TEM. For example, in situ sublimation experiments on metallic nanoparticles of Au and
Mg could be used for temperature calibration at higher and lower set point temperatures,
respectively. Furthermore, elements such as Co, Ca and Cd are also potential candidates for in situ
sublimation experiments in the TEM. The viability of these experiments is contingent on being
able to synthesize monodisperse nanoparticles of these elements.
As mentioned in the earlier section, the in situ heating experiments presented in chapter 5
are ‘proof of principle’ experiments that demonstrate the range of thermally activated phenomena
that could be studied in different gas atomized Al-alloy systems. Further work is needed to
understand the detailed kinetics and mechanisms of the different thermally activated processes in
each of the three Al-alloy systems. The recommendations for future work on the three gas atomized
Al alloys are provided below.
Gas-atomized alloy microstructures are radically different from those produced by
conventional processing techniques, and therefore systematic ex situ investigation of the phases
formed in the gas atomized alloys is necessary for understanding thermally activated processes in
these alloys. Thermal analyses of the gas atomized powders via differential scanning calorimetry
(DSC) would indicate the temperature ranges over which the different thermally activated
processes occur in these alloys. Data from the DSC experiments would provide vital information
to guide the design of in situ TEM studies. Additionally, Kissinger analysis of the DSC data from
gas atomized alloy powders would provide the activation energies of the different thermally
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activated processes observed in each alloy. The combination of structural and chemical data
obtained from ex situ TEM experiments, dynamic observations of structural and chemical changes
during in situ TEM experiments, and activation energies from DSC experiments would help us
understand the different rate limiting steps responsible for the thermally activated processes that
occur in gas atomized powder microstructures.
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